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Communication among cells in the brain is responsible for sensory perception, 
motivation, movement, learning, memory and more. Neurotransmitters are messenger 
molecules that are released in an energy-consuming process known as the action potential. 
Interaction between brain cells and the vasculature (i.e., neurovascular coupling) ensures that 
adequate blood flow is delivered to meet the energy demands of active brain regions. Much 
research is focused on neurovascular communication because dysregulation in these pathways 
is implicated in disease states, such as stroke, Alzheimer’s, addiction, and depression.  
Because neuronal signaling is a dynamic process that involves the cooperative action of 
an array of chemical mediators, an ideal monitoring technique should detect changes in multiple 
compounds of interest on relevant timescales and thus enable researchers to interpret 
coincident effects. Here, we present fast-scan cyclic voltammetry (FSCV) at carbon-fiber 
microelectrodes as a powerful technique for real-time, multimodal recordings of chemical and 
electrophysiological changes in distinct brain regions. FSCV produces multivariate data sets 
that distinguish multiple compounds of interest, as well as identifying interfering signals. First, 
we characterize interfering signals that arise from ionic changes in the extracellular space and 
investigate methods for increasing catecholamine-generated signal on an extended 
voltammetric waveform for simultaneous detection of oxygen. Next, physiological neurovascular 
coupling is investigated, with respect to the effects mediated by the neurotransmitter serotonin. 
Finally, we expand the utility of FSCV by coupling it with DC electrophysiological recordings for 
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probing changes that occur during the pathophysiological phenomenon of spreading 
depolarization (SD). SD represents one of the largest concomitant changes in chemicals and 
electrophysiology that occur in brain tissue. As such, our multimodal sensor fulfills a deficiency 
in SD research for a minimally invasive technique capable of recording in either cortical or 
deeper brain tissues. We characterize highly reproducible oxygen, neurotransmitter, and 
electrophysiological changes to successive SD events. Further, we probed erstwhile undetected 
regional variability in oxygen responses and also investigated the effect of dopamine 
neurotransmission on SD waves. Our results advance current understandings of neuronal 
communication and promote FSCV’s use for future research at physiologically relevant spatial 






Thank you to all who contributed to my growth and joy these past five years, helping me 
arrive at this milestone in my life. I want to particularly thank my advisor, Dr. R. Mark Wightman, 
who made all this possible. Your guidance has made me into—what I feel to be—a top-notch 
scientist, and I am forever grateful. 
Dr. Ho, Dr. Wardeska, and Dr. Moore, thanks for inspiring me and introducing me to the 
ways of research. 
To my parents, without your love and support, I surely would not be here. Thank you for 
always believing in me, even when I wasn’t believing in myself. It seems like those science 
summer camps and Star Trek marathons really paid off. Clay, thanks for being enthusiastic for 
me and letting me know I’m extra-welcome back home. To Auntie Acceber, it makes me really 
happy that you plan to read this. Also, thanks for being my personal cheerleader. 
Many thanks to my Christian family, for providing me with God’s strength and comfort in 
times of need and with much rejoicing in times of happiness. 
To my friends near and far, your kindnesses and constant companionship are miracles 
to me. Katy, Rachel, Tyler, Justin, Rosie, Eriel & Cody, thanks for making Johnson City a home-
away-from-home. Becky, you’re an inspiration. Megalus, thanks for being a pen pal and visiting 
for food-cations. Melinda, your mail is always full of marvelous goodies and it reminds me of 
how much I cherish your friendship. Lindsay, Billy, Tim, Greg, Cory, Rob, Brittany, Matt, Steve, 
Angie, Adam, and Nic, thank you for truly spectacular game nights and assorted festivities. I’m a 
bit awestruck that I was taken in by such a great bunch of people. (Greg, let’s bake when I’m 
“on the other side.”) Megan, thanks for keeping in touch throughout our hectic lives. To Sydney, 
vi 
I’m so glad you moved to Chapel Hill. Thanks for always being there, introducing me to highly 
addictive TV shows, and being my sports buddy. Liz, I still feel like some cosmic force must’ve 
brought us back together. Whatever the reason, I’m so very appreciative. The commiserating, 
philosophizing, and general chatting with you have momentously enriched the past few years. 
Also, thanks for improving my collection of costuming gear, immensely.  
Matt Verber, I’d like to thank you for fixing my electronics struggles—seemingly with your 
mere presence. Also your collaboration on the spreading depolarization project has been 
invaluable.  
I owe much gratitude to my Wightman-lab compatriots. Meg and Beth, thanks for 
teaching me the ropes. I’d especially like to thank Anna for her training and inducting me into 
the wonderful world of iontophoresis—a real trial by fire. Adam, thanks for the many “good 
talks.” Nathan, I blame you for my occasional outbreak of Minnesotan. Regardless, I’m glad you 
were my labmate all these years. Justin, thanks for sorting out that ion stuff and gracing the lab 
with stunning renditions of Led Zeppelin and Nickelback. Senpai Lindsay, thanks for whipping 
me into a happy duck. I could spend a few pages iterating all the things for which I’m thankful to 













TABLE OF CONTENTS 
LIST OF FIGURES .................................................................................................................... xi 
LIST OF TABLES ...................................................................................................................... xii 
LIST OF ABBREVIATIONS AND SYMBOLS ........................................................................... xiv 
CHAPTER 1: UNRAVELLING THE COMPLEXITIES OF SPREADING 
DEPOLARIZATIONS THROUGH HIGH SPATIO-TEMPORAL RESOLUTION 
MONITORING TECHNIQUES ................................................................................................... 1 
Introduction ............................................................................................................................. 1 
Structure and function of brain tissue ...................................................................................... 2 
Hallmarks of SD...................................................................................................................... 4 
Historical progression of SD characterization ......................................................................... 6 
Leao’s wave ........................................................................................................................ 6 
Chemical mediators of SD .................................................................................................. 7 
Rise of the ion-selective microelectrode .............................................................................. 8 
Confirmation of neurotransmitter efflux ............................................................................... 8 
Blood flow variability ........................................................................................................... 9 
Relevance of SD....................................................................................................................11 
Link with pathologies ..........................................................................................................11 
First recordings of SD in the human brain ..........................................................................12 
Development of minimally invasive, multimodal sensors ........................................................13 
Conclusions ...........................................................................................................................15 
REFERENCES ......................................................................................................................16 
CHAPTER 2: CHARACTERIZATION AND OPTIMIZATION OF AN OXYGEN 





Carbon-fiber microelectrode fabrication .............................................................................23 
Flow injection analysis .......................................................................................................23 
Animal care and stereotactic surgeries ..............................................................................24 
Data collection, analysis, and presentation ........................................................................24 
Results and Discussion .........................................................................................................25 
Large in vivo capacitive currents recorded in the SNr ........................................................25 
Currents arising from association of ions at the carbon-fiber surface .................................27 
Minimizing non-faradaic signals .........................................................................................29 
Increasing the sensitivity for catecholamines on the oxygen-sensitive waveform ...............31 
Conclusions ...........................................................................................................................35 
REFERENCES ......................................................................................................................39 
CHAPTER 3: MONOAMINE MODULATION OF STIMULATED OXYGEN 





Fabrication of combined iontophoresis probes and Nafion-treated carbon-fiber 
microelectrodes .................................................................................................................43 
Stereotactic surgery ...........................................................................................................43 
Data collection and display ................................................................................................44 
Electrical stimulation experiments ......................................................................................47 
Iontophoretic investigations ................................................................................................47 
Histology ............................................................................................................................48 
Flow injection analysis .......................................................................................................48 
Data analysis .....................................................................................................................50 
Results and Discussion .........................................................................................................50 
ix 
Electrical stimulation of the MFB elicits biphasic oxygen changes ......................................50 
Systemic administration of dopamine and serotonin receptor antagonists 
decreases stimulated oxygen peak ....................................................................................52 
Local administration of methiothepin decreases stimulated oxygen peak ...........................54 
Measuring oxygen and serotonin simultaneously ...............................................................56 
Direct iontophoresis of serotonin into the SNr ....................................................................58 
Conclusions ...........................................................................................................................64 
REFERENCES ......................................................................................................................65 
CHAPTER 4: AN IMPLANTABLE MULTIMODAL SENSOR FOR OXYGEN, 
NEUROTRANSMITTERS, AND ELECTROPHYSIOLOGY DURING 




Simultaneous Electrochemical and Electrophysiological Data Acquisition ..........................70 
Signal Verification ..............................................................................................................72 
Animal Care and Stereotaxic Surgery ................................................................................73 
Calibrations ........................................................................................................................73 
Statistical Analysis .............................................................................................................74 
Results and Discussion .........................................................................................................74 
Simultaneously obtained DC potentials confirm SD signals. ..............................................74 
Repeated waves of SD yield highly reproducible signals. ..................................................77 
Interpretation of SD signals in FSCV measurements. ........................................................79 
Varied temporal evolution of the overlapping signals allows for dopamine 
identification. ......................................................................................................................81 
Convolution-based prediction improves dopamine CVs and concentration 
profiles. ..............................................................................................................................81 




CHAPTER 5: A COMPARATIVE STUDY OF SPREADING DEPOLARIZATIONS 
IN THE MOTOR CORTEX AND NUCLEUS ACCUMBENS: VARIABLE OXYGEN 
RESPONSES AND AN EXCITATORY ROLE OF DOPAMINE .................................................93 
Introduction ............................................................................................................................93 
Materials and Methods ..........................................................................................................95 
Animal care and stereotactic surgery .................................................................................95 
Experimental SD ................................................................................................................95 
Simultaneous electrochemical and electrophysiological data acquisition ...........................96 
Signal identifications and calibrations ................................................................................97 
Data analysis .....................................................................................................................97 
Results ..................................................................................................................................99 
SD velocity and induction ...................................................................................................99 
Four types of oxygen changes accompanying SD ........................................................... 101 
Successive oxygen responses within a recording location ............................................... 104 
Dopamine release and pharmacological manipulation during SD in the NAc ................... 109 
Discussion ........................................................................................................................... 112 
SD propagates more quickly in the cortex than in the ventral striatum ............................. 112 
SD waves evoke oxygen increases and decreases in both the cortex and NAc ............... 114 
Oxygen responses are highly similar within location, with some variability ....................... 116 
High levels of extracellular dopamine during SD lowers threshold of propagation ............ 117 
Conclusions ......................................................................................................................... 119 








LIST OF FIGURES 
Figure 2.1. FSCV recordings of transient, non-pH intefering currents in the 
substantia nigra pars reticulata using the oxygen sensitive waveform. ......................................26 
Figure 2.2. Cyclic voltammograms obtained by flow injection analysis for three 
ions known to change extracellular concentrations during neuronal activity. .............................28 
Figure 2.3. Calibration curves for four concentrations of Ca2+ analyzed by flow 
injection analysis. ......................................................................................................................30 
Figure 2.4. Carbon-fiber sensitivity to Ca2+ and DA flow cell boluses depend on 
the applied waveform frequency and its effect on holding potential duration. ............................32 
Figure 2.5. Carbon-fiber sensitivity to both Ca2+ and DA diminishes with a more 
anodic holding potential. ...........................................................................................................33 
Figure 2.6. Changing the anodic and cathodic limits of the oxygen waveform 
affected the electrode sensitivity to dopamine. ..........................................................................34 
Figure 2.7. RMS noise differences during in vivo recordings increased using the 
altered “-0.4 V, +1.3 V” waveform versus the normal oxygen-sensitive waveform 
(normal O2). ..............................................................................................................................36 
Figure 3.1. Various voltammetric waveforms were used to enhance sensitivity to 
different analytes. ......................................................................................................................45 
Figure 3.2. Voltammetric data of oxygen (O2) and dopamine (DA) changes in the 
nucleus accumbens, elicited by electrical MFB stimulation........................................................46 
Figure 3.3. Histological verification of electrode placement in the SNr. .....................................49 
Figure 3.4. Biphasic oxygen (O2) changes and neurotransmitter release in the 
NAc and SNr. ............................................................................................................................51 
Figure 3.5. Electrically evoked oxygen responses are sensitive to both the 
combination of dopamine receptor antagonists, raclopride (Rac) and SCH 23390 
(SCH), and the serotonin receptor antagonist, methiothepin (Meth). .........................................53 
Figure 3.6. Effect of i.p. prazosin, α1-adrenergic receptor antagonist, on 
electrically stimulated oxygen increases....................................................................................55 
Figure 3.7. Effect of dopamine receptor antagonists, raclopride (Rac) and SCH 
23390 (SCH), or serotonin receptor antagonist, methiothepin (Meth), on 
electrically stimulated oxygen changes. ....................................................................................57 
Figure 3.8. Analysis of redox currents of serotonin on the oxygen-sensitive 
waveform. .................................................................................................................................59 
Figure 3.9. Flow injection analysis of an altered waveform for simultaneous 
oxygen (O2) and serotonin (5-HT) detection. .............................................................................60 
xii 
Figure 3.10. Effect of local ejection of serotonin (5-HT) on oxygen (O2) 
concentration in the SNr. ...........................................................................................................63 
Figure 4.1. Voltammetric waveforms applied to the carbon fiber to detect analytes 
electrochemically. .....................................................................................................................71 
Figure 4.2. Simultaneous electrochemical and electrophysiological DC potential 
recordings during SD waves using the oxygen-sensitive waveform. ..........................................76 
Figure 4.3. Recordings on the oxygen-sensitive waveform during SD events in 
the nucleus accumbens. ...........................................................................................................78 
Figure 4.4. Characterization of FSCV signals on the oxygen-sensitive waveform 
during a SD wave in the nucleus accumbens. ...........................................................................80 
Figure 4.5. Time-varied background subtraction signals reveal characteristic 
dopamine (DA) cyclic voltammogram (CV). ...............................................................................82 
Figure 4.6. Convolution-based method to enhance dopamine (DA) signal 
specificity. .................................................................................................................................84 
Figure 4.7. Sequential oxygen concentration traces (mean ± SEM) obtained with 
FSCV (black) and amperometry (blue) in the same subject. ......................................................86 
Figure 5.1. Simultaneous electrophysiological and voltammetric recordings. ............................98 
Figure 5.2. Spreading depolarization (SD) velocity analysis. ................................................... 100 
Figure 5.3. Representative oxygen traces and electrophysiological recordings 
from four different locations depicting the types of oxygen responses recorded 
during SD. ............................................................................................................................... 102 
Figure 5.4. Changes in Phase I, initial oxygen dip, over successive SD waves. ...................... 105 
Figure 5.5. Oxygen traces from successive SD events in individual recording 
locations. ................................................................................................................................. 106 
Figure 5.6. Oxygen traces during successive SD waves from animals with two 
recording locations each. ........................................................................................................ 107 
Figure 5.7. Oxygen responses to SD waves with variability in the same recording 
location. .................................................................................................................................. 108 
Figure 5.8. Peak magnitude of dopamine (DA) release during successive SD 
waves. .................................................................................................................................... 110 
Figure 5.9. Effect of GBR-12909 on dopamine (DA) release, spreading 
depolarization (SD) velocity, and DC potential shift. ................................................................ 111 
Figure 5.10. Effect of dopamine (DA) D1 (SCH 23390) and D2 (raclopride) 
receptor antagonists on DA release, spreading depolarization (SD) velocity, and 
DC potential shift. .................................................................................................................... 113 
xiii 
LIST OF TABLES 
Table 3.1 Linear regression analysis of oxygen (O2) concentration responses to 
iontophoresed serotonin (5-HT). ...............................................................................................61 
Table 5.1. Magnitude of changes for the four types of oxygen responses during 
























LIST OF ABBREVIATIONS AND SYMBOLS 
* probability less than 0.05 
** probability less than 0.01 
*** probability less than 0.001 
°C degrees Celsius 
5-HT serotonin 
A amperes 
AC alternating current 
AP anterior-posterior 
Ag/AgCl silver/silver chloride 
AMPA α-amino-3-hydroxy-5-methylisoxazole-4-propionic acid 
ANOVA analysis of variance 
ATP adenosine triphosphate 
BBB blood brain barrier 
BOLD blood oxygenation level dependent 
Ca2+ calcium ion 
CaBr2 calcium bromide 
CaCl2 calcium chloride 
CBF cerebral blood flow 
CBM convolution-based method 
CDL capacitance of the electrical double-layer 
CV cyclic voltammograms 
DA dopamine 
DC direct current 
DV dorsal-ventral 
Eapp applied potential 
xv 
e.g. exempli gratia 
EEG electroencephalography 
fMRI functional magnetic resonance imaging 




H2 molecular hydrogen 
H2O water 
HClO4 perchloric acid 
HDCV High-Definition Cyclic Voltammetry 
hr hour 
Hz hertz 
i.d. inner diameter 
i.e. id est 
i.p. intraperitoneal 
K+ potassium ion 
kg kilogram 
K2HPO4 dipotassium hydrogen phosphate 
kHz kilohertz 
KCl potassium chloride 
LDF laser Doppler flowmetry 
M molar 
MΩ megaohm 
Mg2+ magnesium ion 








μM micromolar  
mM millimolar 
ms millisecond 
MSN medium spiny neuron 
mV millivolt 
n number of samples 
N normality 
nA nanoamperes 
NaCl sodium chloride 
NaH2PO4 monosodium dihydrogen phosphate 
NaOH sodium hydroxide 
Na2SO4 sodium sulfate 
NAc nucleus accumbens 
NADH nicotinamide adenine dinucleotide 
NO nitric oxide 
NOS nitric oxide synthase 
Nth order in succession 
O2 molecular oxygen 
o.d. outer diameter 
p probability 
xvii 
PBS phosphate buffered saline 
PCR principal component regression 
PET positron emission tomography 
Q-peak quinone peak 
R coefficient of correlation 
Rleak leak resistance 
Rsoln solution resistance 
σ standard deviation 
s second 
SD spreading depolarization 
SEM standard error of the mean 
SP switching potential 
t1/2 decay time 
Tris Tris(hydroxymethyl)aminomethane 
TTL transistor-transistor logic 
UEI universal electrochemical instrument 
UNC University of North Carolina 
V volt 
vs. versus 








CHAPTER 1: UNRAVELLING THE COMPLEXITIES OF SPREADING DEPOLARIZATIONS 
THROUGH HIGH SPATIO-TEMPORAL RESOLUTION MONITORING TECHNIQUES 
 
Introduction 
Neuronal signaling is involved in a vast number of processes including sensory 
perception, development, addiction, learning, motor control, and more. Signals in the brain are 
transduced by an array of messenger molecules (i.e., neurotransmitters) that interact with 
receptors on cell membranes. Neurotransmitters are released into the extracellular space 
through a signal cascade initiated by the firing of action potentials, which are electrical impulses 
powered by steep ion gradients across the cell membrane. Ionic channels and transporters 
open temporarily and then close, permitting the influx and efflux of charged ions across the 
depolarized membrane. Maintaining these ion gradients consumes most of the energy used by 
the brain (Attwell & Laughlin, 2001). This energy is derived from adenosine triphosphate (ATP), 
which is produced by consuming oxygen and glucose in a process known as glycolysis. 
Communication between brain cells and vasculature (known as neurovascular coupling) evokes 
blood flow changes that correspond to the fluctuating energy demands in distinct brain regions.  
Spreading depolarizations (SD) are one of the largest alterations of neuron activity, ion 
gradients, extracellular transmitter concentrations, and blood flow in brain tissue (Ayata & 
Lauritzen, 2015; Dreier et al., 2013; Somjen, 2001). SD events are slowly propagating waves of 
wide-spread, massive depolarizations of neurons and glia. For many years after its discovery in 
1944 (Leão, 1944b), SD was considered to be an experimentally derived peculiarity without 
relevance to human brain physiology (Lauritzen et al., 2011; Marshall, 1959). Then, researchers 
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began to find similarities between SD and pathological states (Hansen & Lauritzen, 1984; 
Marshall, 1959), besides evidence supporting SD as a promoter of brain tissue death (Busch et 
al., 1996; Mies et al., 1993). Finally, in 2002 the first direct evidence of SD was recorded in 
human tissue following brain damage (Strong et al., 2002). This discovery led to implications for 
SD in secondary injury, or the delayed expansion of a lesion, which follows an initial injury 
(stroke, physical trauma, hemorrhage, etc). 
Due to its role in exacerbating brain damage, SD can be both a biomarker for secondary 
injury and a therapeutic target for intervention. Investigations are ongoing into the underlying 
mechanisms of SD and its heterogeneous effects in different tissue states. However, the brain is 
a difficult organ to study because of the encapsulating skull, complexity of the neuronal 
networks, and its isolation from peripheral blood flow (Dreier et al., 2016). This need for viable 
characterization methods of SD has spurred the development of minimally invasive, multimodal 
recording techniques. This chapter briefly describes the basics of healthy brain tissue 
functioning, reviews the pathological phenomenon of SD and the methods utilized for its 
investigation, and discusses the recent advances in technologies for SD research.  
 
Structure and function of brain tissue  
The brain consists of three main components: 1) Neurons that transmit intercellular 
messages; 2) Glia that serve as support cells; and 3) Blood vessels that deliver oxygen and 
glucose as energy substrates. Together, neurons, glia, and blood vessels make up the 
“neurovascular unit” (Attwell et al., 2010). Neurons have the same basic structure as other cells 
in the body—cell walls, nuclei, mitochondria, etc. However, they are morphologically specialized 
to receive and convey signals long distances with extensions known as dendrites and axons, 
respectively (Neuroscience, 2004). Axons conduct electrical signals, known as action potentials, 
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and can be from hundreds of microns to upwards of a meter in length in the human 
(Neuroscience, 2004). The energy to fire action potentials derives from a potential difference 
between the intra- and extracellular space, which is established by ATP-dependent ion pumps 
that expend energy to move ions across the cell membrane. During an action potential, sodium 
enters into the cell followed by potassium leaving the cell. The ion fluxes result in a change in 
membrane potential that triggers the release of neurotransmitters via increased intracellular 
calcium. These signaling molecules bind with receptor proteins to induce a change in excitability 
or enzymatic activity of the receiving cell. Neurons form synapses, or specific cell-to-cell 
junctions, with other neurons in order to facilitate neurotransmitter communication with specific 
cellular targets. Alternatively, neurotransmitters can diffuse into the space outside of synapses 
in a mode of communication known as “volume transmission.” Communication among the three 
components of the neurovascular unit ensures that proper brain function is maintained via the 
interactions of neurotransmitters with receptors on all of the cell types. 
Astrocytes are a particular type of glial cell that directly contacts both neurons and blood 
vessels using projections known as endfeet (Iadecola & Nedergaard, 2007). This positioning 
allows astrocytes to maintain extracellular concentrations of species (e.g., ions and 
neurotransmitters) within viable thresholds and also modulate blood flow. Astrocytes are 
particularly vital to removing excess potassium and glutamate from the extracellular space. 
Glutamate is an excitatory neurotransmitter that acts on nearly all of the neurons in the brain 
(Choi, 1988), and must be stringently regulated because prolonged exposure to high 
concentrations of glutamate can inflict neuronal damage, possibly via elevated intracellular 
calcium levels. Additionally, astrocytes are essential in vascular regulation, which not only 
triggers changes in blood flow to satisfy the energy demands of neurons, but also maintains 
blood pressure throughout the brain to avoid deleterious swelling. Though astrocytes were 
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originally thought to contribute only structural shape to brain architecture, their role as a pivotal 
communication hub between neurons and vasculature is beginning to be understood. 
 
Hallmarks of SD 
 SD presents similarly across all neural tissues. It is characterized by several well-studied 
hallmarks: 1) A near-complete cellular depolarization that leads to distinctive changes in 
electrophysiological activity (Kasser et al., 1988); 2) Passive redistribution of ions across the cell 
membrane (Hansen & Zeuthen, 1981; Kraig & Nicholson, 1978); 3) A massive efflux of 
neurotransmitters (Fabricius et al., 1993; Moghaddam et al., 1987); 4) A slow propagation 
through brain tissue (Guedes & Barreto, 1991); and finally 5) Large changes in blood flow 
concomitant with a SD wave (Ayata & Lauritzen, 2015). Electrophysiological recordings of SD 
reveal a burst of action potential firing, followed by inactivity of the neurons or a negative DC 
potential shift of the extracellular space. Neurons rapidly fire action potentials (µV in magnitude, 
ms in duration) at the onset of the depolarization. Their membrane potential moves positively 
from approximately -75 mV to a value near 0 mV, with respect to the extracellular space. 
Correspondingly, the DC potential shift (mV in magnitude, minutes in duration) has a negative 
magnitude because it is measuring the change in the extracellular potential. This measure 
serves as a spatial average of the cell depolarization, and is even recorded in electrically silent 
tissue (i.e., tissue not exhibiting action potentials) during SD.  
 The supraphysiological depolarization arises from passive distribution of ions down their 
cell-membrane gradients. These gradients are highly important to neuronal function and half of 
the cell’s metabolism is dedicated to maintaining them (Attwell & Laughlin, 2001). During more 
physiological levels of brain activity, minute changes in extracellular ion concentration occur that 
are readily brought back to equilibrium via ion channels and pumps: Extracellular potassium 
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increases by 3 mM, calcium decreases by 0.1 mM, and sodium falls by 5 mM. This is in marked 
contrast to the changes occurring during SD: Extracellular potassium increases by over 30 mM, 
calcium drops by 1.0 mM, and sodium declines by 100 mM (Dietzel et al., 1980; Nicholson, 
1980). These ion fluxes not only place an extreme metabolic strain on the cells to reestablish 
their ion gradients, but also lead to dramatic cellular swelling due to the concomitant entry of 
water into the cell (Dreier, 2011). Furthermore, prolonged increases in intracellular calcium can 
trigger enzymatic pathways that promote cell death (Choi, 1988). The extreme derangement of 
ion concentrations during SD serves as an identifier of this pathophysiological event and also 
mediates many of the mechanisms underlying its initiation, propagation, and effects in brain 
tissue.  
 The influx of cations into neurons depolarizes the membrane potential and leads to the 
release of neurotransmitters. This same effect is realized during SD, but on a larger scale due to 
the intensity of the depolarization and compromised uptake mechanisms. Much, if not all, of the 
neuron’s transmitter store is released (Ayata & Lauritzen, 2015; Fabricius et al., 1993; Lindquist 
& Shuttleworth, 2014; Moghaddam et al., 1987). Neurotransmitters typically mediate neuronal 
excitability and blood flow changes, and are thus likely contributors to SD effects. Glutamate is 
the focus of many SD investigations, due to its ubiquitous presence in the brain and induction of 
excitatory cationic currents (Choi, 1988; van Harreveld, 1959).  
 SD radially spreads from the site of initiation in a wave-like manner and traverses a 
millimeter in minutes. This is in contrast to the propagation of an action potential along a 
neuronal axon, which travels at a rate of meters per second (Ayata & Lauritzen, 2015). The slow 
velocity of SD in comparison to other modes of neuronal communication led to the hypothesis 
that it was mediated by diffusion of one or more extracellular species (Somjen, 2001). Both 
potassium and glutamate are favored candidates for this role, as their extracellular 
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concentrations reach supraphysiological levels which potentiate the depolarization of nearby 
cells (Grafstein, 1956; van Harreveld, 1959).  
 Coupling of vascular changes to fluctuations in cellular activity is a well-studied 
phenomenon (Girouard & Iadecola, 2006). The term “functional hyperemia” refers to the 
observation that increases in neuronal activity stimulate blood flow increases, which act to 
satisfy the metabolic requirements of the tissue. Since SD is one of the largest activations of 
brain tissue, it is not surprising that large increases in blood flow accompany the spreading 
wave (Ayata & Lauritzen, 2015). However, in compromised tissue a decrease in blood flow may 
occur, which exacerbates the metabolic challenge and prolongs the perturbation of the ion 
gradients. These two contradictory hemodynamic responses are associated with innocuous SD 
waves and those that lead to irreversible damage, respectively (Dreier et al., 2009).   
 Together these five hallmarks characterize a wide variety of concomitant changes that 
transpire during SD. Inherent to the complexity of brain tissue function, these alterations have 
concerted actions and can affect each other, complicating mechanistic investigations of SD. 
This impedes the ability to draw conclusions about the causes and effects of SD when only one 
or a few of the variables are measured. Ideal investigations would be able to simultaneously 
characterize all of the chemical, electrical, and vascular changes. The rest of this chapter 
focuses on the progression of understanding SD and the techniques used in this endeavor. 
 
Historical progression of SD characterization 
Leao’s wave 
 SDs were serendipitously discovered in 1944 by Professor Aristides Leão while he was 
investigating stimulated epileptic activity in the cortex of rabbits (Leão, 1944b). He was able to 
characterize both electrophysiological attributes of SD and the concomitant dilation of blood 
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vessels (Leão, 1944a, 1947). An intense, repeated current delivered by a stimulating electrode 
or tapping the cortex with a glass rod both stimulated waves of SD recorded as a slow-travelling 
waves of depression of spontaneous activity or negative slow (i.e., DC) potential shifts 
spreading from the stimulation site. Because of this depression in activity, Leão coined the term 
“spreading depression” for these phenomena, a descriptor that was widely adopted. Further, he 
described vessel dilation of over 50% during SD by observing the cortical vasculature under a 
microscope. The peculiarity of SD waves described in these seminal reports garnered much 
interest and spurred further investigations in the field. 
Chemical mediators of SD  
The slow velocity of SD waves led to the hypothesis that some chemical species must 
release into the extracellular space, diffuse, and induce the depolarization of nearby cellular 
elements. Grafstein hypothesized that depolarization of cells leads to build-up of potassium in 
the extracellular space, which further depolarizes those same cells and others nearby 
(Grafstein, 1956). Indeed, the application of potassium to the cortex induced waves of SD. 
Furthermore, application of potassium restored the initial magnitude of the negative DC shift 
after it had diminished after repetitive, electrically stimulated SDs.  
In 1959, van Harreveld reported on a different chemical species capable of eliciting SD, 
which he found in cortical extracts (van Harreveld, 1959). The species adsorbed on both cation- 
and anion-exchange resins, leading van Harreveld to correctly surmise that the species was an 
amino acid (a compound with a positively charged amine group and a negatively charged 
carboxylic acid group). Filter paper chromatography was used to separate the compounds and 
stain them with ninhydrin to detect the presence of amino acids. Ultimately, the chemical of 
interest that elicited SD was confirmed to be glutamate after comparing its migration on the filter 
paper to that of a glutamate standard.  
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A general consensus now exists that high concentrations of both potassium and 
glutamate are involved in SD initiation and propagation. Though these early studies proved 
enlightening, they were unable to record the release of these species during SD. Later, 
analytical techniques with moderate- to high-temporal resolution verified that this was indeed 
the case. 
Rise of the ion-selective microelectrode 
 Ion gradients across cell membranes are stringently regulated and store the energy 
required to fire action potentials. These gradients are drastically altered during SD. Early studies 
used flame photometry and radiolabels to detect ion concentration changes (Bureš & Krivanek, 
1960). Neither of these techniques offers the spatio-temporal resolution required to assess the 
generation and propagation of SD. The late 1960’s saw the rise of liquid-membrane ion 
selective microelectrodes (ISMs) which have tip diameters of 2-4 µm and sub-second response 
times (Nicholson, 1980; Pioda et al., 1969; Srinivasan & Rechnitz, 1969). Finally, 
supraphysiological changes in potassium, sodium, calcium, chloride, and hydrogen ions were 
quantified during SD (Hansen & Zeuthen, 1981; Kraig & Nicholson, 1978; Mutch & Hansen, 
1984; Somjen, 1984). This technology led to the discovery that a ~10 mM threshold 
concentration of extracellular potassium was required for SD propagation (Hansen & Zeuthen, 
1981; Kraig & Nicholson, 1978; Moghaddam et al., 1987). The large changes in other ion 
concentrations and the negative DC potential shift were only recorded when potassium 
increased beyond that limit, bolstering the importance of potassium in the SD manifestation.   
Confirmation of neurotransmitter efflux 
In the 1990’s, glutamate efflux during SD was confirmed. Microdialysis coupled to high-
performance liquid chromatography (HPLC) with fluorescent detection showed that the 
concentrations of glutamate and five other amino acids increased during SD (Fabricius et al., 
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1993). The one-minute sample collections limited the ability to make conclusions about the 
timing of release. Also, most samples were combined across multiple SD waves to generate a 
detectable signal. More recently, biosensors sensed real-time measurements of glutamate 
release during SD (Zhou et al., 2013). These sensors utilize a glutamate-oxidase enzyme 
coating that produces hydrogen peroxide in proportion to the concentration of glutamate. 
Hydrogen peroxide serves as a reporter molecule and is oxidized at the electrode surface by 
amperometry. With this technique, Zhou et al. (2013) detected 90 µM concentration peaks of 
glutamate lasting 50-100 s during SD. Furthermore, they concluded that the glutamate increase 
was due to synaptic release, as opposed to reversal of uptake transporters which can occur 
during pathological states (Camacho & Massieu, 2006).  
Vasoactive neurotransmitters were also thought to play a role in SD, and the striatum 
was a preferred recording location, because of its abundant dopamine content and dearth of 
other electroactive neurotransmitters (e.g., norepinephrine and serotonin). Moghaddam et al. 
(1987) employed amperometry at carbon-fiber microelectrodes to detect putative dopamine 
release during SD with ~3.5 s temporal resolution. A cation exchange polymer coating for the 
electrode enhanced the chemical selectivity of the technique for dopamine against interferents 
that oxidize at similar potentials, such as ascorbic acid and 3,4-dihydroxyphenyl acetic acid (a 
neurotransmitter metabolite). The high temporal resolution of this technique allowed the 
researchers to surmise that the dopamine release was occurring after extracellular potassium 
began to increase. This supported the view that calcium ion influx, which also occurs after the 
potassium rise, likely triggered neurotransmitter release during SD.  
Blood flow variability 
 Audioradiography was once the gold-standard technique for providing blood flow 
measurements in multiple locations, which allowed for visualization of changes before, during, 
and after passing SD waves. Early studies that utilized autoradiographic tracers mainly reported 
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increases in blood flow associated with SD waves, which were followed by decreases below 
baseline (Hansen et al., 1980; Lauritzen et al., 1982). Some conflicting results were obtained, 
such as recording no change at all or a decrease in blood flow. However, these dissimilar 
observations are likely due to differences in the anesthetics that were used (Duckrow, 1991; 
Lauritzen, 1987). Unfortunately, the temporal resolution of this method is limited because it 
necessitates flash-freezing of the brain and post-experiment analysis of tissue slices for 
radiographic content. Thus, the technique fell out of favor once more straightforward, optical-
based methods became available. 
Spectroscopic methods are advantageous as they yield real-time information and do not 
involve implantation of a sensor. Measurements with these techniques (e.g., laser Doppler 
flowmetry (LDF) and laser speckle imaging (LSI)) are used to detect cortical blood flow changes 
during SD with superior temporal resolution over audioradiography. The most common blood 
flow response was confirmed as an increase (hyperemia) followed by a decrease below 
baseline (oligemia) (Ayata & Lauritzen, 2015). A preceding small decrease and a delayed 
increase in blood flow may also occur. The main hyperemia is coincident with and can outlast 
the electrophysiological depolarization (Fabricius et al., 1995; Farkas et al., 2008; Sukhotinsky 
et al., 2008), which was not detected previously. This increase in blood flow delivers the oxygen 
and glucose necessary to restore ion gradients and return cells to their normal function. 
However, sources of variability in responses were also revealed, including differences between 
species (Ayata et al., 2004), surgical preparations (Chang et al., 2010), size of implanted probes 
(Verhaegen et al., 1992), and—most noteworthy—the tissue’s state of being healthy or 




Relevance of SD    
Link with pathologies 
 Ischemia is a pathological state of inadequate blood flow to a region of tissue, which 
starves neurons and can lead to irreversible damage. The changes in electrophysiology 
recorded during SD were similar to those recorded during ischemic events; however, the 
realization that SD could also be a pathological phenomenon was not immediate (Hansen & 
Lauritzen, 1984; Leão, 1947; Marshall, 1959). Higher spatio-temporal recordings led to a better 
understanding of the mechanisms underlying SD initiation and propagation, as well as its link to 
pathology. Similar ionic fluxes occur during SD and ischemia (Hansen & Zeuthen, 1981); blood 
flow changes and the propagation speed of SD are similar to those in migraines (Lauritzen, 
1994); and prolonged, supraphysiological concentrations of glutamate mediate excitotoxic cell 
death (Choi, 1988). Furthermore, SDs spontaneously arise in experimental models of brain 
tissue injury and the number of SD waves recorded correlates with final infarct (dead tissue 
mass) size (Dijkhuizen et al., 1999; Mies et al., 1993). In contrast, evoked SDs in otherwise 
healthy tissue are not associated with cell death (Nedergaard & Hansen, 1988). The improbable 
contrast between these two results were partially explained by the differences in blood flow that 
occur between normal and compromised tissue, or the tissue state (Chen et al., 2006; Dreier et 
al., 1998; Pinard et al., 2002; Shin et al., 2006).  
In compromised tissue, SD waves are accompanied by decreases in blood flow as 
opposed to hyperemia. Correcting the massive perturbations in ion gradients and extracellular 
neurotransmitters is an energy consumptive process. A decline in blood flow during SD 
exacerbates the metabolic demand of the tissue and is associated with prolonged periods of 
depolarization and cell death (Dreier, 2011). Changes in the concentrations of an array of 
vascular mediators—potassium, nitric oxide, neurotransmitters (e.g., glutamate), arachidonic 
acid, pH, lactate—transpires during SD, which makes interpreting the disparate blood flow 
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changes difficult. Synthesis of nitric oxide, a vasodilator, may be impaired in damaged or 
ischemic tissue (Dreier, 2011). The physical state of the tissue itself may also provide an 
explanation, as low perfusion pressure and mechanical stress can result in ischemia as 
opposed to hyperemia (Shin et al., 2006). The heterogeneity of SD effects in different tissue 
states requires further investigation and is important for designing targeted therapeutics to 
ameliorate brain tissue damage.  
First recordings of SD in the human brain 
 Recording from brain tissue in humans is further complicated due to the considerations 
of skull removal and tissue damage for implanting invasive sensors.  Favored as a completely 
non-invasive technique, electroencephalography (EEG) places electrodes on top of the scalp 
and measures spatio-temporal averages of neuronal activity within a few square centimeters 
(Buzsáki et al., 2012); however, this precludes the ability to detect transient decreases in activity 
over a few millimeters of tissue. The first unequivocal proof of SD in the intact human brain was 
recorded decades after its initial discovery. Strong et al. (2002) recorded the 
electrophysiological hallmark of SD—a spreading wave of decreased electrical activity—in the 
injured human brain using electrocorticographic (ECoG) electrodes on the surface of the brain 
tissue. This recording method is more invasive, but allows for spatial resolution on the order of 
millimeters (Buzsáki et al., 2012). Fabricius et al. (2006) advanced the capability of ECoG 
recordings by integrating the signal with respect to time, which enhanced the slow potential 
changes. This allowed for a measure of the DC potential shift duration in human tissue, which is 
an important marker in SD recordings (Hartings et al., 2011).   
Further clinical studies recorded SD events in over 50% of human patients in the hours 
and days following stroke, traumatic brain injury, hemorrhage, or ischemia (Dreier et al., 2016; 
Fabricius et al., 2006; Feuerstein et al., 2010). Because SD potentiates cell death, the discovery 
of SD in humans carried major implications for secondary injury following initial brain damage. 
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This phase of delayed tissue death occurs approximately up to a week after the initial insult, and 
provides a window of opportunity for treatment. Previous studies in animal models reported that 
glutamate receptor antagonists minimized both SD occurrence and final lesion size (Busch et 
al., 1996; Mies et al., 1993), serving as an optimistic starting point for clinical investigations. 
However, no treatment has proven effective to this date (Dreier et al., 2016; Fabricius et al., 
2006; Lo, 2008). Heterogeneous patient populations and the different tissue states (i.e., healthy, 
penumbra, or lesion) involved are hypothesized to contribute to the lack of positive effect. More 
personalized and targeted treatment may realize improved patient outcome.   
 
Development of minimally invasive, multimodal sensors 
SD waves induce concomitant changes in neurotransmitters, glucose, oxygen, ions, and 
other species in the brain. Real-time, multimodal sensing is essential for determining the 
mechanistic details behind SD. Because implanting devices over ~50 µm in diameter can inflict 
tissue damage and affect the tissue’s physiological responsivity, it is also important to utilize 
minimally invasive methods for SD recording (Vasylieva et al., 2015; Verhaegen et al., 1992). 
Single- or no-implant, sensing of multiple parameters is a technological need in the field of SD 
research. Better characterization of the chemical changes that occur during SD and the ability to 
track the changes in these chemicals as possible markers in the clinical setting would allow for 
improved treatment development.   
Vasylieva et al. (2015) developed a microneedle (50 X 100 µm cross section) sensor 
capable of simultaneously measuring glucose and lactate, which are instrumental to determine 
the metabolic state of tissue. The sensor consisted of three microwell platinum electrodes. Two 
were coated with glucose oxidase and lactate oxidase enzymes to allow for amperometric 
measurements of these analytes, while the third electrode was coated with bovine serum 
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albumin (BSA) and controlled for non-specific currents. Hydrogen peroxide is the common, 
diffusible reporter molecule being oxidized at the electrodes. Dual oxidase sensors have 
traditionally struggled with cross-talk inherent to the measuring paradigm, but the microwell 
design proved effective at eliminating cross-talk between the glucose and lactate channels, 
allowing for in vivo simultaneous measurements.   
For SD studies, microdialysis generally leaves higher temporal resolution to be desired. 
The technique has traditionally found its strength through the wide selection of available off-line 
analysis techniques, allowing for specific characterization of multiple analytes. However, the 
Boutelle lab cleverly coupled a rapid sampling microdialysis probe to an on-line 
polydimethylsiloxane (PDMS) microfluidic sensor chip (Rogers et al., 2013; Rogers et al., 2016). 
The chip acts as an integrated holder for a potassium ISM and a glucose oxidase needle 
sensor. A second chip with a lactate oxidase needle sensor followed after a short length of 
tubing. The chip separation eliminated possible cross-talk. Potassium concentration changes 
serve as an excellent temporal marker of SD, allowing for time-course analysis of the 
simultaneous changes being measured. The sensor design proved robust for clinical studies, 
producing real-time data (with a ~60 s delay). The ability to both accurately determine the timing 
of SD waves and also surmise the metabolic state of the tissue will undoubtedly be useful in 
customizing future treatment plans. 
In this dissertation, an alternative multimodal sensor of SD hallmarks is described. 
Chapters 4 and 5 focus on the development and implementation of an implantable sensor to 
simultaneously detect oxygen, electroactive neurotransmitters, and electrophysiological activity. 
The sensor consists of a 5 µm diameter carbon-fiber microelectrode which switches between 
acting as a voltage follower and a current transducer (while measuring currents generated by 
fast-scan cyclic voltammetry). Measurements of oxygen are beneficial because they are an 
indicator of the metabolic state of the tissue, reflecting the balance between blood flow and 
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oxidative consumption. Electrophysiological recordings of the DC potential shift provide a 
marker of the temporal onset of depolarization and its duration. This sensor is uniquely suited 
for recordings in both the cortex and deep brain region. Furthermore, it provides an opportunity 
to asses release dynamics of electroactive neurotransmitters and their effects during SD. 
 
Conclusions 
SD exhibits some of the largest physiological and chemical changes that can occur in 
brain tissue. The massive concomitant shifts in concentration of extracellular species precluded 
slow-temporal resolution techniques of the past decades from determining its underlying 
mechanistic pathways. As analytical techniques improved, so did researchers’ understanding of 
SD. Also, it became clear that this depolarizing wave was a pathophysiological phenomenon. 
However, contradictory results were obtained when establishing its role in tissue death, likely 
due to its heterogeneous presentation in compromised and healthy tissue. The realization that 
SD occurs at high incidence in human brain tissue following trauma spurred investigations of it 
as a marker for secondary injury and possible treatment target. Interventions that were 
promising in experimental animal models failed to deliver improved outcomes for patients, which 
highlights the need for multimodal sensing systems to interrogate the complex dynamics 
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CHAPTER 2: CHARACTERIZATION AND OPTIMIZATION OF AN OXYGEN SENSITIVE 
CYCLIC VOLTAMMETRIC WAVEFORM 
 
Introduction 
Fast-scan cyclic voltammetry (FSCV) is a powerful technique for real-time, in vivo 
studies of neurotransmission. Its ability to monitor rapid changes of small dopamine 
concentrations has greatly contributed to the understanding of this neurotransmitter’s role in 
behavioral processes such as learning and addiction (Robinson et al., 2008). Adsorption of 
dopamine at the carbon-fiber electrode surface accounts for most of the signal generated from 
oxidation of this species, attained on a triangular voltammetric waveform with a -0.4 V holding 
potential and >+1.0 V positive limit (Bath et al., 2000; Heien et al., 2003). However, carbon-fiber 
electrodes are also sensitive to adsorption of divalent cations, likely through their interaction 
with carboxylic acid surface groups (Takmakov et al., 2010a), and to aromatic molecules, 
attributed to pi-pi stacking interactions (Takmakov et al., 2010b). Kume-Kick and Rice (1998) 
found that the presence of divalent ions in calibration media affect carbon-fiber microelectrodes’ 
sensitivity to dopamine. A similar finding was also noted for non-electroactive aromatic organics 
(Davidson et al., 2000). Extracellular ion concentration fluctuations occur during neuronal 
activity (Kraig et al., 1983; Nicholson, 1980; Venton et al., 2003). These changes are not large 
enough to affect electrode sensitivity for catecholamines (Kume-Kick & Rice, 1998), but they 
can produce non-faradaic, capacitive currents in cyclic voltammograms recorded with FSCV 
(Jones et al., 1994; Venton et al., 2003).  
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The high scan rates used in FSCV generate large, stable background currents produced 
by charging the electrical double layer and from redox active surface-bound moieties (Robinson 
et al., 2008). Takmakov et al. (2010a) characterized currents arising from non-electroactive 
species (ions and small organic molecules) associating with the carbon-fiber surface for the 
triangular voltammetric waveform. These species alter the capacitance of the electrical double 
layer, causing peaks to appear in the cyclic voltammograms after the waveform switching 
potentials. Currents generated from changes in pH are the most commonly recorded interfering 
signals, and principal component regression analysis is employed to obtain accurate 
catecholamine quantitation (Keithley et al., 2009; Rodeberg et al., 2015). In this chapter, we 
report on the large capacitive currents, not attributable to pH, that is observed in the substantia 
nigra pars reticulata (SNr) on the oxygen-sensitive waveform (Zimmerman & Wightman, 1991).  
Characterization of signals arising from ionic changes has been less well described for 
the oxygen-sensitive waveform than for the triangle waveform used for dopamine detection. 
Another drawback of the oxygen-sensitive waveform is its lower sensitivity to catecholamines, 
compared to the previously mentioned triangle waveform. Here, we characterize the effect of ion 
concentration changes recorded on the oxygen-sensitive waveform, and assess the possibility 
of deriving quantitative or qualitative information from these non-faradaic currents. We also 





 All chemicals were supplied by Sigma-Aldrich (St. Louis, MO) and used as received 
unless otherwise noted. TRIS (3.25 mM KCl, 145 mM NaCl, 1.25 mM NaH2PO4, 1.2 mM CaCl2, 
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1.2 mM MgCl2, 2 mM Na2SO4, and 15 mM Trizma® HCl) and PBS (3 mM KCl, 140 mM NaCl, 10 
mM NaH2PO4) buffers were made at 10X concentration and stored in a 4 °C refrigerator. On the 
day of the experiment, they were diluted ten-fold with deionized water and brought to room 
temperature. Ca2+ solutions were made by dissolving CaBr2 or CaCl2 into the buffer and serially 
diluting to the desired concentration. Dopamine and serotonin stock solutions of 1 mM were 
prepared in 0.1 N HClO4 and stored frozen. On the day of the experiment, an aliquot was 
defrosted and serially diluted in buffer. As the final step in solution preparation, all solutions 
were brought to pH = 7.40 ± 0.02. Urethane was prepared to 50/50% w/v in bacteriostatic 0.9% 
NaCl (Hospira Inc., Lake Forest, IL).  
Carbon-fiber microelectrode fabrication 
T-650 carbon fibers were aspirated into glass capillaries (0.6 mm o.d., 0.4 mm i.d.) with 
vacuum. The filled capillary was pulled vertically with a micropipet puller (Narashige, Tokyo, 
Japan) into two segments, each with a fine tip where the glass formed a seal with the fiber. The 
exposed fiber was cut to approximately 100 μm in length under a light microscope. When 
making iontophoresis probes, the filled glass capillary was loaded into one barrel of a 4-barrel 
capillary (1 mm o.d., 0.75 mm i.d.). The prepared 4-barrel capillary was then pulled in two steps, 
the first for lengthening and narrowing the barrels and the second to separate the top and 
bottom portions of glass while creating a tight seal around the carbon fiber. This resulted in an 
electrode with a 5 μm diameter carbon fiber with three additional open capillary channels of 1 
μm diameter. These channels, or “barrels,” were filled with reagent solutions which are ejected 
by application of constant current by an in-house built power supply. 
Flow injection analysis 
 An oxygen impermeable flow injection analysis system was used for in vitro 
experiments. A syringe pump (Harvard Apparatus, Holliston, MA) pushed buffer through 
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PEEKTM tubing into a 6-port injection valve (Rheodyne, Rohnert Park, CA). In one alignment 
configuration, buffer flowed straight through the valve to the flow cell. In the other alignment, 
buffer flowed through the 0.5 mL sample loop before going to the flow cell. A 12-V DC solenoid 
controlled the valve alignment switching, determining when the loaded sample was injected into 
the electrochemical cell. The carbon-fiber microelectrode tip was positioned where the tubing 
meets the cell, to minimize diffusion of the sample injection. An Ag/AgCl reference electrode 
was placed in the buffer solution inside the cell. Flow rates were optimized to give square-
shaped sample pulses, and ranged from 1-2 mL/min for 5 s injections. 
Animal care and stereotactic surgeries 
The Institutional Animal Care and Use Committee of the University of North Carolina at 
Chapel Hill approved all procedures. Urethane-anesthetized (1.5 g/kg, intraperitoneal) male 
Sprague-Dawley rats (350-550 g, Charles River Laboratories) were placed in a stereotaxic 
frame (Kopf, Tujunga, CA) for surgeries. The scalp was removed to expose the skull, and holes 
were drilled through the bone to allow for electrode implantation. Coordinates are in reference to 
bregma (Paxinos and Watson, 2007). The carbon-fiber recording electrode was located in the 
SNr at -5.7 mm anterior-posterior, +2.5 mm medial-lateral, and -7.8 to -8.6 mm dorsal-ventral. 
Two holes were drilled in the skull contralateral to the recording electrode for the implantation of 
the Ag/AgCl reference electrode and its anchor screw. 
Data collection, analysis, and presentation 
 HDCV (High Definition Cyclic Voltammetry, UNC-Chapel Hill, NC, USA) software was 
used to control the voltage applied at the carbon-fiber microelectrode and record the resulting 
currents. The oxygen-sensitive waveform was applied at 10 Hz and scans at 400 V/s from a 
holding potential of 0 V to +0.8 V, polarity was switched and the potential scanned to -1.4 V, and 
25 
finally returned to 0 V. Different holding potentials and potential limits were used as indicated, 
but the scan rate and application frequency were kept consistent.  
 Voltammetric recordings are presented as color plots, where the x-axis is time, the y-axis 
is applied voltage, and color indicates current magnitude. Cyclic voltammograms are current 
versus voltage plots obtained by taking vertical cross-sections from color plots. Current over 
time traces are attained by extracting horizontal cross-sections from color plots. Graphs and 
statistical analyses were performed in Prism 4 (GraphPad Software, San Diego, CA). 
Significance was defined as p < 0.05. 
 
Results and Discussion 
Large in vivo capacitive currents recorded in the SNr 
 The most commonly recorded interfering currents for FSCV arise from changes in 
extracellular pH, which occurs during neuronal activity and blood flow fluctuation (Jones et al., 
1994; Kraig et al., 1983; Venton et al., 2003). Typically, these currents do not interfere with 
quantification of catecholamines for in vivo studies, due to the ability of principal component 
regression analysis to separate pH- and catecholamine-derived signals (Keithley et al., 2009; 
Rodeberg et al., 2015). However, large, naturally occurring transient signals following the 
switching potentials of the waveform were recorded in 18% of locations in the SNr with the 
oxygen-sensitive waveform (Fig 2.1) (Belle, 2013). They ranged in magnitude from <1 nA to >15 
nA and last for 5 to 20 s. A possible explanation for these signals could be astrocytic calcium 
signaling, which can last for ~1 to 50 s (Hirase et al., 2004). 
 Concentration changes in non-electroactive species at the electrode surface yield peaks 
which follow the switching potentials (Takmakov et al., 2010a). This is due to a change in the 











Figure 2.1. FSCV recordings of transient, non-pH intefering currents in the substantia nigra pars reticulata 
using the oxygen sensitive waveform. A) Color plot, background set at 0.2 s. Horizontal dashed lines are 
located at the peak potentials of currents following the switching potentials of the waveform. B) Current 
traces over time, extracted after the +0.8 V switching potential (blue) and -1.4 V switching potential 
(orange) in A. C) Cyclic voltammograms at 28 s, the vertical white dashed line in A. Grey arrows indicate 







FSCV. These differential currents arise at the switching potentials, because this is where the 
waveform switches polarity and then must discharge and recharge. They are then shifted 
temporally to appear after the switching potentials due to hardware filtering. These types of non-
pH capacitive changes have not been as well characterized for the oxygen-sensitive waveform 
as for the triangular waveform used for catecholamine detection. 
Currents arising from association of ions at the carbon-fiber surface 
 We used a flow injection analysis system to characterize the ion concentration changes 
at a carbon fiber microelectrode with the oxygen-sensitive waveform. Extracellular 
concentrations of Ca2+, K+, and H+ change during neuronal activity (Kraig et al., 1983; 
Nicholson, 1980; Venton et al., 2003), so we focused on these three species. When ion boluses 
were ejected into PBS buffer, the resulting cyclic voltammograms on the oxygen-sensitive 
waveform presented with post-switching potential capacitive current peaks (Fig. 2.2), similar to 
observations using the triangle waveform for catecholamine detection (Takmakov et al., 2010a). 
Broad peaks at ~-0.25 V were also apparent in all three voltammograms. This peak is 
associated with the redox reaction of surface-bound quinone species on the carbon-fiber 
surface (Takmakov et al., 2010a). The faradaic reaction of the surface group involves protons 
and occurs with each waveform scan, contributing to the background current. Thus, changes in 
the concentration of protons at the electrode surface affect the magnitude and position of the 
peak. One tenth of the concentration change for Ca2+ causes signals of similar magnitude to 
those induced by K+ concentration changes. This supports the idea that divalent cations adsorb 
more strongly to the electrode surface. Because the current from these ion changes results from 
a similar mechanism of electrode surface interactions, changes in the concentrations of all three 
species yielded cyclic voltammogram peaks in similar positions and thus precluded the ability to 















Figure 2.2. Cyclic voltammograms obtained by flow injection analysis for three ions known to change 
extracellular concentrations during neuronal activity. Grey arrows indicate direction of voltammetric 








Here, we demonstrate that the sensitivity of carbon-fiber electrodes for calcium ions also 
depends on their concentration in the media. We used the first capacitive peak of the forward 
waveform scan for quantification as shown in Fig 2.2, yielding negative current values. Currents 
~3 times larger were generated in response to Ca2+ bolus injections using PBS (i.e., buffer 
without added divalent cations) as compared to TRIS (i.e., buffer with physiological levels of 
Ca2+ and Mg2+) (Fig. 2.3). This effect is similar to that reported by Kume-Kick and Rice (1998) 
for dopamine when comparing PBS to another buffer containing physiological concentrations of 
Ca2+ and Mg2+, artificial cerebral spinal fluid. This phenomenon occurs when species compete 
for adsorption sites on the electrode surface. While both buffers have similar K+ concentrations, 
the additional competition for surface groups from Ca2+ in TRIS decreases the electrode’s 
sensitivity to ionic changes as compared to PBS. Because FSCV is a differential technique, 
electrodes are less sensitive to changes in adsorbing species when the recording media is rich 
with species already adsorbed to the surface. Thus, as the concentration of the ionic species 
varies, so does the electrode’s sensitivity to the species. Therefore, capacitive signals are 
unspecific and possess no useful quantitative relationship to extracellular species. As such, we 
next sought to minimize their presence in FSCV recordings.   
Minimizing non-faradaic signals  
As carbon-fiber electrodes are especially susceptible to divalent cations, we investigated 
waveform alterations to reduce the adsorption of Ca2+ while still maintaining high sensitivity to 
dopamine. Dopamine adsorption has been best characterized on the triangle waveform which 
scans positively to +1.0 or +1.4 V and returns to a -0.4 V holding potential, so we employed this 
waveform for our initial experiments. Longer periods of time spent at a negative holding 
potential enhance dopamine adsorption, likely through electrostatic attractions (Bath et al., 
2000; Heien et al., 2003). To examine the effect of the holding potential duration on dopamine 















Figure 2.3. Calibration curves for four concentrations of Ca2+ analyzed by flow injection analysis. Current 
was measured at the first capacitive peak on the forward waveform scan. Data obtained using PBS buffer 
is indicated using black squares (n = 3). Data obtained using TRIS buffer is indicated using blue triangles 







frequency. The dopamine signal magnitude was more sensitive to varying the holding potential 
period between waveform applications, whereas the Ca2+ signal remained more consistent (Fig. 
2.4). Thus, increasing the time spent at a negative holding potential may be a viable option for 
minimizing capacitive signals due to divalent cations in comparison to those for catecholamines. 
The negative holding potential of the triangular waveform increases adsorption of 
dopamine, an effect attributed to increased electrostatic attraction (Heien et al., 2003). We 
tested the effect of changing the -0.4 V holding potential to 0 V on the electrodes’ sensitivity to 
dopamine and calcium ions in flow injection analysis experiments (Fig. 2.5). Sensitivity to 
dopamine decreased to 55.7% of that obtained with the negative holding potential, in agreement 
with the findings of Heien et al. (2003). However, the sensitivity to calcium similarly decreased 
to 51.3%. Therefore, it is unlikely that this waveform alteration will yield improved catecholamine 
signal over capacitive interfering currents. 
Increasing the sensitivity for catecholamines on the oxygen-sensitive waveform 
More negative holding potentials and more anodic switching potentials heighten carbon-
fiber electrode sensitivity to dopamine (Heien et al., 2003). We obtained calibration factors for 
dopamine in a flow injection analysis system using the normal oxygen-sensitive waveform and 
three other waveforms with -0.4 V holding potential, with either a 0.8, 1.0, or 1.3 V positive limit 
(Fig. 2.6A). By holding at -0.4 V, dopamine sensitivity increased by ~50% versus the normal 
waveform when using the waveforms with 0.8 or 1.0 V positive limit (Fig. 2.6B). The waveform 
with the same holding potential and positive limit as the triangle waveform used for 
catecholamine detection (i.e., -0.4 V and +1.3 V, respectively) was ~160% more sensitive for 
dopamine than the normal oxygen-sensitive waveform (Fig. 2.6B). However, this “-0.4 V, +1.3 
V” oxygen-sensitive waveform is still approximately 3 times less sensitive to dopamine than the 





















Figure 2.4. Carbon-fiber sensitivity to Ca2+ and DA flow cell boluses depend on the applied waveform 
frequency and its effect on holding potential duration. Currents from the first capacitive peak in the cyclic 
voltammogram for 20 µM Ca2+ and the oxidation peak of 1 µM dopamine (DA) were used.  Each point 
represents the average of five sample injections using the flow injection analysis system in TRIS buffer. 















Figure 2.5. Carbon-fiber sensitivity to both Ca2+ and DA diminishes with a more anodic holding potential. 
Calibration curves obtained by flow injection analysis using waveforms with a holding potential of -0.4 V 
(blue) or 0 V (orange). Average ± SEM shown, n = 3.  Left: Dopamine (DA) calibration curves, currents 
from oxidation potential of DA. Right: Ca2+ calibration curves, currents from first capacitive peak in the 











Figure 2.6. Changing the anodic and cathodic limits of the oxygen waveform affected the electrode 
sensitivity to dopamine. A) Voltammetric waveforms studied, all at 400 V/s scan rate and 10 Hz 
application frequency. Normal oxygen-sensitive waveform is shown in black; cathodic and anodic limits of 
modified waveforms are indicated in the color-coded legend. B) Dopamine (DA) calibration curves 
obtained in a flow injection analysis system for the four waveforms in A. Peak currents at dopamine 
oxidation potential used. Average ± SEM shown. “Normal” and “-0.4 V, +1.3 V,” n = 4; “-0.4 V” and “-0.4 










holding potential. This would cause a minimal decrease in sensitivity, and therefore does not 
explain the full disparity. Scanning carbon-fiber electrodes to positive limits >1.0 V oxidizes 
surface groups, increasing the oxygen content (Takmakov et al., 2010b) and dopamine 
adsorption (Heien et al., 2003; Kovach et al., 1984). However, scanning to more negative 
potentials can reduce these oxidized functional groups, reversibly and irreversibly—the latter 
leading to cleaved carbon-carbon bonds and loss of electrode material (Theodoridou et al., 
1981). Therefore, it is possible that the negative limit of the oxygen-sensitive waveform (-1.4 V) 
counteracts improvements in sensitivity realized by the extended positive limit (+1.3 V).   
In line with the hypothesis that the extended positive and negative limits of the waveform 
lead to loss of electrode material and thus increase surface defects, we observed a higher level 
of noise when employing the “-0.4 V, +1.3 V” waveform in vivo (Fig. 2.7, two-tailed t-test, p = 
0.0021). The combination of extending the positive and negative limits may enhance carbon 
surface exfoliation. This could compromise the integrity of the carbon fiber-glass seal and lead 
to larger background currents and noise. Changes occurring at the carbon-fiber surface with 
these waveform alterations could be investigated with x-ray photoelectron spectroscopy to 
determine the elemental composition, including changes in the oxygen percent composition. 
Also, scanning electron microscopy could elucidate changes in surface morphology that are 
expected if carbon exfoliation is occurring.  
 
Conclusions 
Fluctuations in the concentrations of non-electroactive, adsorptive species in the 
recording media can lead to interfering current peaks in FSCV. These kinds of signals are rarely 
recorded during in vivo experiments, yet they can be of immense magnitude. Here, we 















Figure 2.7. RMS noise differences during in vivo recordings increased using the altered “-0.4 V, +1.3 V” 
waveform versus the normal oxygen-sensitive waveform (normal O2). RMS noise was obtained at the 
potential for oxygen reduction (-1.35 V) during recordings without oxygen events; n = 14 and n = 7 from 
three separate electrodes for the “-0.4 V, +1.3 V” and normal O2 waveforms, respectively. The means 







activity. We found that capacitive peaks occurred following the switching potentials of the 
oxygen-sensitive waveform, similar to what has been reported for the triangular waveform for 
catecholamine detection (Takmakov et al., 2010a). All three of the ion species investigated 
alsogenerated a peak at ~-0.25 V in the background subtracted cyclic voltammograms, 
associated with redox of quinone surface groups on the carbon-fiber electrode. Additionally, the 
magnitude of these peaks in response to a sample bolus is dependent on the existing 
concentrations of adsorptive species in the sample. Therefore, no qualitative or quantitative 
information can be gained from these adsorption-induced signals.  
We investigated waveform alterations to minimize the capacitive currents and enhance 
signal from catecholamines. Divalent cations and catecholamines are hypothesized to adsorb at 
the same sites and through the same mechanisms (Kume-Kick & Rice, 1998). Thus, many of 
the changes made to the waveform had similar effects on the sensitivity of both species. One 
option may be to increase the time spent at the holding potential, which increased the signal 
from dopamine oxidation greatly while having minimal effect on the magnitude of capacitive 
current from calcium.  
Also, the oxygen-sensitive waveform has not been modified since its inception 
(Zimmerman & Wightman, 1991) whereas the triangle waveform has been characterized and 
optimized for dopamine detection over the course of several studies (Bath et al., 2000; Heien et 
al., 2003; Takmakov et al., 2010b). We investigated changes to the oxygen-sensitive waveform 
to increase its comparatively low sensitivity to dopamine. By holding at a negative potential, a 
~50% increase in sensitivity is obtained. An even larger increase in sensitivity is realized when 
the anodic potential is extended to +1.3 V; however, the sensitivity is still 3 times less than the 
triangle waveform. Additionally, application of the waveform in vivo revealed that it may be 
leading to enhanced exfoliation of the carbon surface with the accompanying result of increased 
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noise. If this is due to weakening of the carbon-glass seal, sealing the electrodes with epoxy 
may mitigate this shortcoming.  
Future studies with ion-selective microelectrodes could determine if the origin of the 
capacitive signals in the SNr are from astrocytic calcium signaling. Though waveform alterations 
proved unlikely to fully remove capacitive signals, a recent study has reported on removal of 
non-faradaic currents from FSCV with the use of convolution (Johnson et al., 2017). Improving 
the oxygen-sensitive waveform for catecholamine detection deserves further investigation. 
Implementing epoxy-sealed electrodes and investigating higher scan rates are other possible 
paths. Microscopy techniques should be employed to characterize changes occurring to surface 
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CHAPTER 3: MONOAMINE MODULATION OF STIMULATED OXYGEN CHANGES IN THE 
NUCLEUS ACCUMBENS AND SUBSTANTIA NIGRA PARS RETICULATA11 
 
Introduction 
The brain accounts for 2% of the body’s mass, but 20% of the body’s metabolic 
consumption at resting state (Attwell et al., 2010). Blood flow delivers oxygen and glucose for 
the production of ATP, the cellular currency of energy. Cerebral blood flow must be tightly 
regulated to ensure that blood pressure stays in a viable range and that the energy needs of 
distinct brain regions are met. Neurons, glial cells, and endothelial cells act in concert to 
communicate the metabolic demand of a region of brain tissue. Neuronal and glial processes 
interact with vessel walls to enact vessel diameter changes. Endothelial and smooth muscle 
cells, which dictate vascular tone, have receptors for neurotransmitters which allow them to 
respond to neuronal activation coupled with transmitter release.  
Studies of these communication mechanisms, also known as neurovascular coupling, 
often take place in the cortex due to its accessibility with microscopy and spectral-based blood 
flow measurements (e.g., laser Doppler flowmetry and laser speckle flowmetry). However, 
neurotransmitters found in distinct regions of the deeper brain have also been implicated in local 
blood flow changes. Dopamine processes are closely associated with vessels and perivascular 
                                                          
1Systemic, i.p. studies of methiothepin and dopamine receptor antagonists were accomplished by Kevin 
Wood, and the data appears in his Honors thesis (In Vivo Cerebral Blood Flow Modulation by Histamine 
and Serotonin in the Nucleus Accumbens and Substantia Nigra, Spring 2012, Department of Biology, R. 
Mark Wightman advisor). Anna Belle performed many of the studies involving local, iontophoresis of 
methiothepin and dopamine receptors; and some of this work is in her doctoral dissertation (Belle (2013). 
Exploring local neuronal circuitry with controlled iontophoresis. University of North Carolina at Chapel Hill; 
ProQuest Dissertations & Theses Global). 
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glial cells in the striatum (Afonso-Oramas et al., 2014). Additionally, Choi et al. (2006) reported 
opposing hemodynamic changes for D1/D5- versus D2/D3-type dopamine receptor agonists. 
Receptors of another vasoactive neurotransmitter, serotonin, are located on astrocytes and 
directly on endothelial cells (Cohen et al., 1996).  However, investigations of serotonin’s effects 
on blood flow within the brain also yield contradictory results (Cohen et al., 1996; Edvinsson et 
al., 1977). Here, we probe the effects dopamine and serotonin on oxygen dynamics within two 
distinct, deep brain regions.  
Fast-scan cyclic voltammetry (FSCV) allows for real-time characterization of changes in 
electroactive neurotransmitters and oxygen. Elegant studies using an oxygen-sensitive 
voltammetric waveform coupled with iontophoresis, a local drug-delivery method, provided 
insights into neurovascular coupling for adrenergic and glutamatergic pathways(Bucher et al., 
2014; Walton et al., 2017). Here, we perform similar investigations for dopamine and serotonin 
in the nucleus accumbens (NAc) and substantia nigra pars reticulata (SNr). We characterize the 
oxygen response to electrical stimulation of the medial forebrain bundle (MFB), which excites 
neurons and elicits neurotransmitter release (Hashemi et al., 2012). Then, we use dopamine, 
serotonin, and adrenergic receptor antagonists to probe the mechanisms underlying the 
electrically stimulated oxygen changes. Finally, we specifically probe the effect of serotonin in 




Sigma-Aldrich (St. Louis, MO) supplied all chemicals, and they were used as received. 
TRIS buffer (pH = 7.4, 3.25 mM KCl, 145 mM NaCl, 1.25 mM NaH2PO4, 1.2 mM CaCl2, 1.2 mM 
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MgCl2, 2 mM Na2SO4, and 15 mM Trizma® HCl) was used in flow injection analysis 
experiments.  
Antagonists and urethane for i.p. injection were dissolved in bacteriostatic 0.9% NaCl 
(Hospira Inc., Lake Forest, IL). Antagonists for iontophoresis were prepared at 5 mM 
concentration with 5 mM 4-methylcatechol (an electroactive marker) in 5 mM NaCl. Serotonin 
solutions for iontophoresis were 5 mM in 5 mM NaCl. Deionized water was used for all 
solutions.  
Fabrication of combined iontophoresis probes and Nafion-treated carbon-fiber 
microelectrodes  
 
 Probes with three iontophoresis barrels attached to a carbon-fiber microelectrode were 
constructed as previously described (Belle et al., 2013). T-650 carbon fibers (5 µm diameter) 
were vacuum-aspirated into glass capillaries (0.6 mm external diameter). These were then 
inserted into one barrel of a four-barreled glass capillary (Friedrich & Dimmock, Millville, NJ) and 
vertically pulled in a heated coil to a fine tip. This produced a glass-fiber seal with three adjacent 
~1 µm open barrels. The extending carbon fiber was cut to approximately 100 µm in length.    
Electrodeposition of Nafion on carbon-fiber microelectrodes was performed as 
previously described (Hashemi et al., 2009). Single barrel capillaries loaded with carbon-fibers 
were pulled and the fiber cut to approximately 100 µm. The tips of the electrodes were placed in 
Nafion solution (Liquion-1105-MeOH, Ion Power, DE) with an applied voltage of +1.0 V vs 
Ag/AgCl for 30 s. They were then air-dried for 10 s before being placed in an oven for 10 min at 
70 °C. 
Stereotactic surgery 
 All procedures were approved by the by the Institutional Animal Care and Use 
Committee of the University of North Carolina. Male, Sprague-Dawley rats (300-500 g) were 
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anesthetized by i.p. injection of urethane (1.5 g/kg). They were placed in a stereotactic frame 
(Kopf, Tujunga, CA), the scalp was removed, and burr holes were drilled to allow electrode 
implantation. All coordinates were with respect to bregma (Paxinos & Watson, 2007). A bi-polar 
stimulating electrode was placed in the MFB at -2.8 mm anterior-posterior (AP), +1.7 mm 
medial-lateral (ML) and 7.8-8.6 mm dorsal-ventral (DV).  A combined carbon-fiber iontophoresis 
probe was positioned in either the NAc (2.2 AP, 1.7 ML, DV 7.0-8.0) or SNr (-5.2 AP, 2.5 ML, 
8.0-8.6 DV). To record changes in endogenous serotonin, a Nafion-coated electrode was placed 
in the SNr at the same coordinates. An Ag/AgCl reference electrode was inserted into the 
contralateral hemisphere, secured with a stainless steel screw, and served as a ground for both 
the electrodes and the iontophoresis barrels.  
Data collection and display 
In house software (HDCV, Electronics department at UNC Chapel Hill) was used to 
control application of the voltammetric waveform and record resulting currents. Additionally, 
HDCV controlled the timing of electrical stimulations and iontophoretic ejections. Three different 
voltammetric waveforms were used in this study (Fig. 3.1). The “oxygen waveform” enabled 
simultaneous recording of dopamine and oxygen (Zimmerman & Wightman, 1991); the 
“serotonin waveform” allowed for detection of endogenous serotonin in the SNr with Nafion-
coated electrodes (Jackson et al., 1995); and the “serotonin and oxygen waveform” facilitated 
simultaneous quantification of oxygen and serotonin. Recorded voltammetric data is displayed 
in the form of a color plot, where the abscissa is time, the ordinate is applied voltage, and the 
false color represents current magnitude (Fig. 3.2). The fast scan rates used in FSCV generate 
a large capacitive current. This “background current” was chosen at a quiescent time point and 
subtracted from the collected data. Cyclic voltammograms served to identify electrochemically 













Figure 3.1. Various voltammetric waveforms were used to enhance sensitivity to different analytes. 
Oxidation and reduction potentials of monoamines are indicated as squares and circles, respectively; 
dopamine (DA) in black, serotonin (5-HT) in red. The irreversible oxygen (O2) reduction potential is 
marked as a blue star. Scan rates and application frequencies are given below the waveforms. The 
“oxygen waveform” yields simultaneous data on DA and O2 concentrations. The “serotonin waveform” is 
used for detection of endogenous serotonin. The “oxygen and serotonin waveform” is used to quantify O2 















Figure 3.2. Voltammetric data of oxygen (O2) and dopamine (DA) changes in the nucleus accumbens, 
elicited by electrical MFB stimulation. A) Color plot. Horizontal dashed lines are placed at the oxidation 
potential of DA and the reduction potential of O2. Vertical dashed lines are located at the beginning of the 
electrical stimulation and 23 s after, where DA and O2 signals are largest, respectively. B) Concentration 
over time traces obtained from A, at the potentials indicated by the black, dashed line (DA) and the blue, 
dashed line (O2). Currents were converted to concentration by use of a calibration factor. C) Cylic 





time traces were obtained by taking horizontal sections, and the currents were then converted to 
concentration by use of a calibration factor.   
Electrical stimulation experiments 
 DV placement of the stimulating and carbon-fiber electrodes was optimized for oxygen 
and neurotransmitter response. Biphasic electrical stimulations of 120 pulses and 350 uA were 
delivered at 4 min intervals to the MFB while recording in the NAc or SNr. Frequency of the 
stimulation was varied, while keeping the pulse number constant. Then, electrical stimulations 
(120 pulses, 60 Hz, 350 µA) were repeated every four mins until five reproducible responses 
were recorded. Raclopride, a D2 receptor antagonist, and SCH 23390, a D1 receptor 
antagonist, were administered simultaneously at 2 mg/kg and 1 mg/kg i.p., respectively. An hour 
later, five more stimulated responses were recorded. A non-specific serotonin receptor 
antagonist, methiothepin, was given i.p. at 20 mg/kg two hours after the dopamine receptor 
antagonists. One hour after methiothepin administration, five more stimulated responses were 
recorded. For experiments in the SNr, only methiothepin was given. Prazosin (1 mg/kg), an α1 
and α2B antagonist, was delivered in a separate set of experiments in the NAc and SNr, 
following the same protocols.  
Iontophoretic investigations 
 Iontophoresis ejections were used to locally deliver antagonists. Iontophoresis probes 
were lowered to 1 mm above the location of interest and the barrels were “primed” by 
performing ejections until reproducible ejections were observed. Positive ejection currents were 
delivered by a constant-current source designed for iontophoresis (Neurophore, Harvard 
Apparatus, Holliston, MA). The probe was then lowered to the location of interest and electrical 
stimulations (120 pulses, 60 Hz, 350 µA) were repeated at 4 min intervals until five reproducible 
responses were recorded. Raclopride and SCH 23390 were ejected for 30 s approximately 90 s 
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before the next stimulation. Electrical stimulations were repeated at 4 min intervals until the 
oxygen responses were those of pre-drug values, or a minimum of three stimulations. This was 
repeated three times. The same procedure was followed for three ejections of methiothepin. 
Direct iontophoresis of serotonin into the SNr was used to investigate the local effect of 
this neurotransmitter on oxygen changes. Serotonin was iontophoretically ejected for 2 s at 3-4 
different currents resulting in different maximal concentrations (40-4000 nM), two replicates for 
each concentration (nine locations across five animals). Ejections were repeated at 4 min 
intervals. Multiple locations within an animal were separated by at least 0.3 mm DV (Belle et al., 
2013).  
Histology 
At the conclusion of the experiment, 15 V (vs Ag/AgCl) was applied to the electrode to 
lesion the area immediate to the carbon fiber. The brains were collected from the euthanized 
animals into 10% formaldehyde. After at least three days, the brains were sliced into 40 to 50 
μm thick sections with a cryostat and the lesion was visually identified under a stereoscope (Fig. 
3.3). If the lesion was not located in the desired brain region, the data were excluded. 
Flow injection analysis 
 A syringe pump (Harvard Apparatus, Holliston, MA) generated a constant 2 mL/min flow 
rate of buffer through a 6-port injection valve (Rheodyne, Rohnert Park, CA) to an 
electrochemical cell with a carbon-fiber microelectrode and Ag/AgCl reference. Samples of 
known concentrations were loaded into the sample loop and injected into the electrochemical 










Figure 3.3. Histological verification of electrode placement in the SNr. Red arrow identifies lesion. Dark 








 Peak magnitudes of oxygen and neurotransmitter values are displayed as mean ± SEM. 
Student’s t-tests were used to asses differences in these values (Prism 4, GraphPad Software, 
San Diego, CA); p < 0.05 was considered significant. 
 
Results and Discussion 
Electrical stimulation of the MFB elicits biphasic oxygen changes  
 Electrical stimulation of the MFB has been shown to elicit dopamine release in the NAc  
and serotonin release in the SNr (Hashemi et al., 2011). Previously, biphasic oxygen changes 
were recorded in the striatum with electrical stimulation of the substantia nigra/ventral tegmental 
area (Venton et al., 2003) and in the ventral bed nucleus of the stria terminalis (vBNST) elicited 
by stimulation of the ventral noradrenergic bundle (Bucher et al., 2014). Here, we show that 
MFB stimulation also elicits biphasic oxygen changes in the both the NAc and SNr (Fig. 3.4). 
The first oxygen increase occurred with the stimulation and lasted ~10 s. The second increase 
is more variable, lasts over 30 s, and can appear as a shoulder on the first peak. Simultaneous 
recordings of dopamine and oxygen were obtained in the NAc, whereas two different waveforms 
were used to detect serotonin and oxygen in the SNr.  
 Wightman et al. (1988) hypothesized that a higher stimulation frequency increases 
concentration of neurotransmitter accumulation because there is less time for uptake between 
stimulation pulses. Indeed, this relationship holds true for dopamine release in the NAc, 
norepinephrine in the vBNST (Park et al., 2011), and serotonin in mouse brain slices (Bunin et 
al., 1998). However, Dankoski (2014) reported that serotonin release magnitude to electrical 
stimulation in vivo was insensitive to stimulation frequency. We assessed the relationship 











Figure 3.4. Biphasic oxygen (O2) changes and neurotransmitter release in the NAc and SNr. A) Average 
concentration traces of dopamine (DA, grey, dotted line) and oxygen (solid, black line) in the NAc elicited 
by 2 s electrical stimulation of the MFB (n = 6 rats). B) Average traces of serotonin (5-HT, grey, dotted 
line) and oxygen (solid, black line) concentration changes in the SNr elicited by a 2 s electrical stimulation 
of the MFB (n = 6 rats). Red bar indicate stimulation duration and timing. Oxygen peaks are labelled with 
dark blue, peak 1, and light blue, peak 2. Insets show the maximum of the two oxygen peaks for 120 






and SNr. In the NAc, Peak 1 [O2]max increased with increasing stimulation frequency (0.92 ± 
0.11 μM O2 per 20 Hz, R2 = 0.94; Fig. 3.4); conversely, Peak 2 decreased with increasing 
stimulation frequency (-0.80 ± 0.01 μM O2 per 20 Hz, R2 = 1.0; Fig. 3.4). In the SNr both oxygen 
peaks decreased with increasing stimulation frequency (Peak 1, 3.10 ± 0.19 μM O2 per 20 Hz, 
R2 = 0.99; Peak 2, 1.52 ± 0.42 μM O2 per 20 Hz, R2 = 0.77; Fig. 3.4). These trends indicate that 
differing mechanisms regulate the metabolic and blood flow changes not only in the two 
different brain regions but also for the early and delayed oxygen increases. Previous FSCV 
studies found that dopamine does not affect oxygen responses elicited by electrical stimulation, 
and the second peak is modulated by adenosine in the striatum (Venton et al., 2003). Bucher et 
al. (2014) determined that the interaction of norepinephrine with adrenergic receptors 
contributed to both the initial oxygen increase and the subsequent decrease below baseline of 
electrically stimulated changes in the vBNST. Here, we investigated the effect of serotonin in 
modulation of the oxygen response in the NAc and SNr, brain regions with moderate and very 
dense serotonergic innervation, respectively (Moukhles et al., 1997). 
Systemic administration of dopamine and serotonin receptor antagonists decreases 
stimulated oxygen peak 
 
As the magnitude and/or duration of the second oxygen peak was less consistent, we 
investigated the first peak when assessing the effect of pharmacological agents on evoked 
oxygen changes. Either raclopride and SCH 23390 or methiothepin was used to probe the effect 
of dopamine or serotonin receptor activation, respectively, on electrically stimulated oxygen 
changes. Fig. 3.5 shows averaged oxygen traces before and after i.p. administration of 
antagonists. The combined administration of raclopride and SCH 23390 had no effect on peak 
oxygen concentration in the NAc (Fig. 3.5). Treatment with i.p. methiothepin decreased the 
maximal value to 3.2 ± 1.0 μM (n = 6 rats, p < 0.0001; Fig. 3.5). In the SNr, methiothepin 











Figure 3.5. Electrically evoked oxygen responses are sensitive to both the combination of dopamine 
receptor antagonists, raclopride (Rac) and SCH 23390 (SCH), and the serotonin receptor antagonist, 
methiothepin (Meth). Left: recordings in the NAc. Right: recordings in the SNr. Systemic investigations 
through i.p. delivery of antagonists (n = 6 for both brain regions). Control oxygen responses, black; Rac 







Also, serotonin release significantly increased with methiothepin treatment, measured on the 
“serotonin waveform” (from 5.2 ± 1.4 to 7.6 ± 0.2 nM, n = 5, p < 0.0001; data not shown). 
Some evidence supports D1 and D2 receptor agonism for increasing and decreasing 
blood flow, respectively (Choi et al., 2006). However, combined administration of raclopride and 
SCH 23390 did not affect stimulated oxygen changes—a finding supported by previous 
investigations in our lab (Zimmerman et al., 1992). Methiothepin is an inhibitor of serotonergic 
autoreceptor function, but acts at all serotonin receptor subtypes and additionally antagonizes 
α1-adrenergic receptors (Engel et al., 1983; McDaid & Docherty, 2001). Both the NAc core and 
SNr are brain regions with minimal noradrenergic processes and are in proximity to regions with 
denser noradrenergic innervation (Park et al., 2010; Sotelo, 1971). This can have confounding 
effects when coupled with the non-specific electrical stimulation we employed. Indeed, i.p. 
prazosin, an α1-adrenoreceptor blocker (Greengrass & Bremmer, 1979), decreased the 
stimulated oxygen peak in the NAc and SNr (t-test of grouped NAc and SNr data, from 12.4 ± 
0.9 to 4.4 ± 1.7 µM, n = 4, p < 0.01; Fig. 3.6.). Thus, some or all of the effect of methiothepin 
may have been due to its action on α1-adrenergic receptors.  
Local administration of methiothepin decreases stimulated oxygen peak 
Iontophoresis allows for localized delivery of pharmacological agents to probe receptors 
in the immediate vicinity of the carbon fiber, minimizing any systemic effects generated by non-
local interactions (e.g., changes in blood pressure). Dopamine receptor antagonists raclopride 
and SCH 23390 had no significant effect on the oxygen responses in the NAc when delivered 
iontophoretically for 30 s (p > 0.05; Fig. 3.7). The contradictory results of dopamine receptor 
antagonists via i.p. or iontophoretic delivery is likely attributable to either non-local effects, or 
because the diffusion radius of drug from the iontophoresis barrel was insufficient to antagonize 
enough receptors to show an effect. Kirkpatrick et al. (2014) reported that it takes ~120 s of 











Figure 3.6. Effect of i.p. prazosin, α1-adrenergic receptor antagonist, on electrically stimulated oxygen 
increases. Control oxygen responses in black, post-prazosin in orange. Red bars indicate time and 
duration of electrical stimulation. Left: recordings in the NAc. Peak concentrations: control 11.6 ± 1.5 µM 
oxygen, post-prazosin 1.7 ± 1.1 µM oxygen (n = 2). Right: recordings in the SNr. Peak concentrations: 






DA receptors are distributed throughout the NAc, the striatum, and distinct cortical regions (Choi 
et al., 2006). Zimmerman et al. (1992) previously showed that dopamine synthesis inhibition by 
α-methyl-p-tyrosine abolished the electrically stimulated dopamine response, but had no effect 
on the oxygen changes in the dorsal striatum. Other modulators are likely the main cause of the 
electrically stimulated oxygen increase in the NAc, though dopamine’s role should not be 
ignored (Afonso-Oramas et al., 2014; Choi et al., 2006; Sander et al., 2013). Future studies 
using only D1 or D2 antagonists would better clarify the effects of dopamine on stimulated 
oxygen changes. 
Iontophoresed methiothepin caused significant decreases in stimulated oxygen peak 
concentration in the NAc (from 6.2 ± 1.9 μM to 2.4 ± 1.1 μM; n = 5, p < 0.01; Fig. 3.7) and the 
SNr (from 18.9 ± 5.1 μM to 7.1 ± 3.3 μM; n = 5, p < 0.0001; Fig. 3.7). Methiothepin 
administration, either local or systemic, decreased the maximal oxygen response to ~30% or 
less of its control value in both brain regions studied. This indicates either an increase in 
oxidative metabolism, a reduced increase in blood flow, or combination of the two. Serotonin 
generally acts as a vasoconstrictor (Cohen et al., 1996), and can potentiate excitation caused 
by glutamate (Nedergaard et al., 1987). Both of these actions could contribute to the decrease 
in stimulated oxygen recorded here, by reducing blood flow and increasing metabolic activity, 
respectively. To avoid confounding actions produced by electrically stimulated release of a 
variety of neurotransmitters, we next probed serotonin’s vascular effects with iontophoresis of 
serotonin directly in the SNr. 
Measuring oxygen and serotonin simultaneously 
A relatively large concentration of neurotransmitter must be iontophoresed to elicit 
oxygen responses similar to those observed with electrical stimulation (Bucher et al., 2014). 
This is an advantage since the “oxygen waveform” applied at a carbon-fiber electrode without 











Figure 3.7. Effect of dopamine receptor antagonists, raclopride (Rac) and SCH 23390 (SCH), or serotonin 
receptor antagonist, methiothepin (Meth), on electrically stimulated oxygen changes. Left: recordings in 
the NAc. Right: recordings in the SNr. Local investigations through iontophoresis of antagonists (n = 5 for 
both brain regions). Control oxygen responses, black; Rac and SCH, orange; Meth, blue. Red bars 







endogenous levels of serotonin release. However, when using the “oxygen waveform” we found 
that serotonin produces an oxidized byproduct with a broad reduction peak centered at -0.8 V 
(Fig. 3.8). This peak interferes with quantification of oxygen, so we devised the “oxygen and 
serotonin waveform” (Fig. 3.9). By scanning negative first, uncontaminated reduction currents of 
oxygen are obtained. The following positive scan oxidizes serotonin, which is then reduced on 
the final negative going scan. Thus, no current is generated at the potential for oxygen reduction 
while recording a serotonin concentration change. We hypothesize that in the 88 ms between 
waveform applications, the product responsible for the secondary reduction peak diffuses away 
from the electrode surface. This waveform was used for experiments quantifying oxygen and 
iontophoresed serotonin. 
Direct iontophoresis of serotonin into the SNr 
To determine if serotonin has a direct role in local blood flow changes, we delivered varying 
concentrations of serotonin by iontophoresis in 2 s ejections, mimicking the length of electrical 
stimulations. Various ejection currents were used to achieve different concentrations of 
iontophoresed serotonin. Each ejection current was applied twice, and the resulting oxygen 
concentration changes over time were averaged. The ejected concentration of serotonin was 
plotted against the maximum concentration of oxygen in the 10 s following the onset of the 
iontophoresis ejection (n = 9 locations across 5 animals). The slope and R2 values of the linear 
regressions of these plots are given in Table 3.1. One location had R2 < 0.5 and one had a 
negative correlation between concentration of iontophoresed serotonin and maximum 
concentration of oxygen—both of these locations were excluded from further analysis. The 
seven remaining locations had positive correlations between concentration of iontophoresed 
serotonin and maximum concentration of oxygen. This variability could be due to variable 
receptor densities between locations, showing the contradicting effects of serotonin on 










Figure 3.8. Analysis of redox currents of serotonin on the oxygen-sensitive waveform. A) Color plot of 2-s 
iontophoretic ejection (designated by red bar along time-axis) of serotonin into the substantia nigra pars 
reticulata. Horizontal lines mark the oxidation (black), reduction (red), and secondary reduction (blue) 
peaks observed. Vertical white lines indicate the time of peak oxidation current and a time after the 
oxidation signal has decayed but the secondary reduction current has increased. B) Current over time 
traces extracted from A. Black, serotonin oxidation; red, serotonin (p-quinone amine form) reduction; blue, 
secondary reduction. The reduction currents are at twice the scale of the oxidation trace. C) Cyclic 
voltammograms (CVs) taken at the time of peak oxidation current (top, 8.0 s) and after the oxidation 
current has decayed and the secondary reduction current increased (bottom, 17.5 s), taken from A at the 
white, dotted lines. Black, red, and blue asterisks indicate the potentials of oxidation, reduction, and 











Figure 3.9. Flow injection analysis of an altered waveform for simultaneous oxygen (O2) and serotonin (5-
HT) detection. A) Color plot of a 4 s bolus (indicated by red bar along time-axis) of 500 nM serotonin. 
Horizontal dotted lines indicate potentials for oxygen reduction (-1.33 V, blue), serotonin oxidation (0.60 
V, black), and serotonin reduction (0.03 V, red). Vertical dotted white lines indicate times at the beginning 
of the sample injection and after the injection. B) Current over time traces for the three potentials marked 
in A. Blue, oxygen reduction; black, serotonin oxidation; red, serotonin reduction. C) Cyclic 
voltammograms (CVs) taken at the beginning of the sample injection and after the injection (5.7 and 9.0 
s, respectively) at the white, vertical, dotted lines in A. D) Calibration curve obtained from four 
concentrations of serotonin samples analyzed by flow injection analysis. The linear regression yields a 











Table 3.1 Linear regression analysis of oxygen (O2) concentration responses to iontophoresed serotonin (5-HT). Recording locations 
per animal are labeled as individual(distinct location).  
 
Subject (location) 1(1) 1(2) 1(3) 2(1) 3(1) 3(2) 4(1) 5(1) 5(2) 
Slope 
(µM O2/ µM 5-HT) 
8.3 ± 0.9 1.0 ± 0.0 -0.61 ± 0.3 5.9 ± 0.6 6.2 ± 0.8 -6.8 ± 6.2 5.7 ± 1.4 4.9 ± 1.4 7.3 ± 2.8 
 
R² 










for linear regression analysis (increase of 5.6 ± 0.5 µM oxygen per µM serotonin, R2 = 0.82; Fig 
3.10A). Interestingly, the shape of the elicited oxygen changes did not mirror those seen for 
electrical stimulation as was described for iontophoresed norepinephrine in the vBNST (Bucher 
et al., 2014). Instead, a long-lasting increase without noticeable peaks persisted for 20-50 s. 
Though serotonin is often cited as a potent vasoconstrictor, it has been shown to have 
contradicting vasodilatory effects (Cohen et al., 1996). Differences in these results are attributed 
to varying receptor subtypes and their locations (both brain region and in the neurovascular 
unit), as well as the initial tone of the vessels. Edvinsson et al. (1977) found that larger arteries 
with a relaxed vascular tone were constricted, but smaller arterioles with a higher tone were 
dilated by serotonin. Cudennec et al. (1993) found that stimulation of the dorsal raphe nucleus 
(location of serotonergic cell bodies), caused >15% increases in blood flow in 17 structures, 
including the SNr, and >15% decreases in 4 out of the 63 investigated brain structures. This 
stimulation is more specific for excitation of serotonergic neurons than the MFB stimulation used 
here. The previous interpretation of serotonin potentiating a decrease in blood flow, as 
supported by the methiothepin experiments, may be confounded by the antagonist’s action at 
multiple receptors. Whereas, direct iontophoresis of serotonin agrees with this previously 
reported effect of an increase in blood flow. The slow, long-lasting increase in oxygen 
concentration elicited by serotonin iontophoresis may be due to increased nitric oxide release, 
attenuated by 5-HT2B/C receptor activation (Fozard & Kalkman, 1994). However, action of 
serotonin alone does not cause the biphasic oxygen increases induced by electrical stimulation 
of the MFB. Further investigations could use more specific stimulations and investigate the roles 









Figure 3.10. Effect of local ejection of serotonin (5-HT) on oxygen (O2) concentration in the SNr. A) 
Subjects showed a positive correlation between ejected [5-HT] and max [O2] (black circles). Excluded 
data from 2 subjects are shown as empty grey triangles. Linear regression, y = 5.63x + 1.52, R2 = 0.82. 
B) Representative traces of iontophoresed 5-HT and O2 concentrations from a single location. Red bar 
indicates onset and duration of iontophoresis. Traces are color matched, lowest concentration of 










Electrical stimulation of the MFB elicits biphasic increases in oxygen in the NAc and SNr. 
The NAc receives mostly dopaminergic input, but is also innervated by serotonergic terminals; 
whereas, the SNr receives mostly serotonergic input. Dopamine receptor antagonists had no 
effect on the peak oxygen concentration. Both i.p. and iontophoretic administration of 
methiothepin, a non-specific serotonin receptor antagonist, decreased the first oxygen peak by 
at least 30% in both brain regions. It is possible that some of this effect is mediated by its off-
target effect on α1-adrenoreceptors. We iontophoresed serotonin in the SNr at varying 
concentrations to directly probe its vascular effect. Slow, broad increases in oxygen were 
recorded in response to this method of stimulation, supporting the role of serotonin increasing 
blood flow in this brain region. We hypothesize that this could be through upregulation of nitric 
oxide release, causing dilation of vessels. 
 As a whole, these investigations highlight the need for specific and well-characterized 
methods of stimulation and pharmacological manipulation. Biological systems are complex and 
have multiple pathways for modulating the same effect. Iontophoresis is a powerful tool for 
locally probing neurovascular mechanisms and minimizes unpredictable changes due to off-
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CHAPTER 4: AN IMPLANTABLE MULTIMODAL SENSOR FOR OXYGEN, 
NEUROTRANSMITTERS, AND ELECTROPHYSIOLOGY DURING SPREADING 
DEPOLARIZATION IN THE DEEP BRAIN 
 
Introduction 
Spreading depolarizations (SD) are waves of widespread cellular depolarization that 
occur with pathologies such as traumatic brain injury, stroke, hemorrhage, and migraine with 
aura (Lauritzen et al., 2011). These waves slowly propagate through neural tissue (2-6 mm/min) 
and cause neurotransmitter release, ion gradient imbalance, and increased energy demand 
(Dreier, 2011; Somjen, 2001). The quantity and duration of SD waves following the initial injury 
positively correlate with final infarct size (Dijkhuizen et al., 1999; Hartings et al., 2003; Mies et 
al., 1993; K. Takano et al., 1996). Conversely, treatments that minimize the occurrence of these 
waves prove to be neuroprotective in rodent experimental models (Chen et al., 1993; Gill et al., 
1992; Hartings et al., 2003; Mies et al., 1993; Rawanduzy et al., 1997). As such, SD events in 
compromised tissues can be both a marker for delayed cell death and a possible target for 
therapeutic intervention.   
SD waves are accompanied by ~10 fold increases in extracellular potassium ions, as 
well as a movement of sodium, calcium, and chloride ions, along with water, into the cell 
(Hansen & Zeuthen, 1981). This ion flux results in cellular depolarization and subsequent 
release of excitatory amino acids and monoamines (Fabricius et al., 1993; Moghaddam et al., 
1987). As a consequence, neurons increase metabolic rates to both restore ion gradients and 
buffer the extracellular space against excitotoxic neurotransmitters. In healthy tissue, blood 
vessels dilate to increase blood flow, remove toxic buildups of species, and deliver oxygen and 
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glucose to replenish energy substrate stores (Dreier, 2011). However, under pathological 
conditions SD is accompanied by decreased cerebral blood flow. This prolongs the duration of 
ion imbalance and oxygen starvation leading to cell death (Dreier, 2011). 
Multimodal recordings are extensively used for SD studies due to the wide array of 
chemical, morphological, and hemodynamic changes that occur (Dreier et al., 2016). Thus, 
many current methodologies rely on multiple invasive sensors that may contribute to tissue 
damage (Balanca et al., 2016; Hinzman et al., 2015; Rogers et al., 2013). Improved, single-
implant devices recently detected simultaneous changes of glucose and lactate in real time 
(Rogers et al., 2016; Vasylieva et al., 2015). However, these sensors do not provide parallel 
electrophysiological measurements, which verify SD. As such, there remains a need in the field 
of SD research for a sensor that can detect both chemical and electrophysiological phenomena 
with minimal invasiveness that permits access to the entire brain. 
Here, we describe a single carbon-fiber microelectrode sensor to simultaneously record 
real-time changes in oxygen, dopamine, and electrophysiological activity. The 5-µm dimension 
of the electrode allows for real-time characterization of SD in both superficial and deep brain 
regions. In agreement with previous studies, single-unit activity revealed that bursts of cell firing 
occurred at the onset of the SD wave, followed by a period of inactivity, allowing verification of 
the SD waves (Gorelova et al., 1987; Grafstein, 1956). We also separately recorded a negative 
shift in DC potential of the extracellular space arising from widespread depolarization of cells, 
traditionally used to verify SD (Fabricius et al., 2006; Hartings et al., 2011; Leão, 1947). Further, 
using FSCV we detected large oxygen changes and supraphysiological dopamine release in the 
nucleus accumbens (NAc). Coupling FSCV with electrophysiology provides a minimally 
invasive, multimodal recording system, capable of monitoring SD waves in traditionally studied 





All chemicals were used as received from Sigma-Aldrich (St. Louis, MO).  Urethane was 
dissolved to 50/50% w/v in bacteriostatic 0.9% NaCl. KCl was dissolved in deionized water. A 
physiological buffer was prepared for calibration experiments containing 3.25 mM KCl, 145 mM 
NaCl, 1.25 mM NaH2PO4, 1.2 mM CaCl2, 1.2 mM MgCl2, 2 mM Na2SO4, and 15 mM Trizma® 
HCl. 
 Simultaneous Electrochemical and Electrophysiological Data Acquisition  
A switched headstage controller and two-electrode system consisting of a carbon-fiber 
working electrode (~75 µm exposed length) and Ag/AgCl reference electrode were used for all 
studies, as described previously (Takmakov et al., 2011). HDCV (High Definition Cyclic 
Voltammetry, UNC-Chapel Hill, NC, USA) software program controlled voltage applied to the 
carbon-fiber microelectrode and recorded resulting currents. Electrochemical data was 
displayed as a color plot where the x-axis is time, the y-axis is the applied voltage, and current 
is shown in false color. Cyclic voltammograms (CVs) or current-over-time traces are obtained 
from the color plot by taking either a vertical or horizontal section, respectively.  
To detect both dopamine and oxygen with FSCV, an oxygen-sensitive waveform was 
employed (Fig. 4.1A). The applied potential scanned from 0 to 0.8 V, then to -1.4 V before 
returning to a 0 V holding potential at a rate of 400 V/s every 200 ms. The holding potential was 
applied to the electrode for 5 ms preceding and following the application of the waveform to 
allow amplifier settling. Between CV recordings, the amplifier connected to the carbon-fiber 
electrode was switched to a voltage follower to record electrophysiology. Digitizer software 
(Plexon, Dallas, TX) recorded single-unit action potentials and Offline Sorter (Plexon, Dallas, 










Figure 4.1. Voltammetric waveforms applied to the carbon fiber to detect analytes electrochemically. (A) 
Oxygen-sensitive waveform. Currents generated from the reduction of oxygen are recorded at -1.30 to -
1.35 V, before the switching potential. Dopamine (DA) is oxidized on the initial anodic scan (+0.65 V), and 
then reduced on the reverse scan (-0.26 V). (B) A convolution-based method (CBM) waveform with 
heightened DA sensitivity relative to the oxygen-sensitive waveform. The potential step preceding the 
triangle waveform enables the prediction and removal of non-faradaic interfering currents. Dashed grey 






DC potential electrophysiological recordings required modifications to the headstage 
design (UNC Electronics Facility) so that the voltage at the carbon-fiber electrode first passed 
through a unity gain voltage-follower, then a constant voltage-following amplifier (Tektronix AM 
502 Differential Amplifier, Beaverton, OR), and finally a low-pass filter the data from DC to 100 
Hz (gain x100). In-house software (UNC Electronics Facility) was temporally aligned to 
voltammetry data by a TTL-pulse. We continuously recorded the voltage output from the 
amplifier at 10 kHz. A MATLAB (Natick, MA) script averaged 30 data points occurring 20 ms 
before application of the waveform to obtain one voltage value every 200 ms. This minimized 
noise and allowed the amplifier to settle after applying the voltammetric waveform.    
Signal Verification 
The extensive redistribution of ions that occurs during SD produces significant capacitive 
peaks in the recorded CVs, which occur simultaneously with signals of interest. To verify the 
electrochemical measurements of oxygen, we compared FSCV responses to traces obtained 
with amperometry, a technique that is much less sensitive to capacitive changes. We recorded 
two SD signals obtained at the same location with FSCV using the oxygen-sensitive waveform, 
and then made amperometric measurements, at the same location, of an additional two SD 
waves by holding the carbon fiber at -1 V to reduce oxygen. To verify dopamine signals we used 
a convolution-based method to predict and remove non-faradaic components from the CVs. For 
this method, the waveform was also scanned at 400 V/s. The scans were preceded by a 1.5 ms 
step from -0.4 to -0.3 V and back to -0.4 V for 1.5 ms, followed by a triangle ramp from -0.4 V to 
+1.3 V that returns to -0.4 V (Fig. 4.1B). The UEI filtering was set to 10 kHz to avoid filtering 
artifacts during application of the step function. An in-house LabVIEW (National Instruments, 
Austin, TX) program uses the electrode’s current response to the +0.1 V step to predict and 
remove interfering impedance effects from the measured CVs, revealing the faradaic signal 
(Johnson et al., 2017).  
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Animal Care and Stereotaxic Surgery 
All procedures were approved by the Institutional Animal Care and Use Committee of 
the University of North Carolina at Chapel Hill. Male Sprague-Dawley rats (350-550 g, Charles 
River Laboratories) were anesthetized by intraperitoneal injection of urethane (1.5 g/kg) and 
placed in a stereotaxic frame (Kopf, Tujunga, CA). The scalp was excised to expose the skull. 
Burr holes were drilled for insertion of the electrode and the stimulus to generate SD. All 
coordinates are in reference to bregma (Paxinos & Watson, 2007). Coordinates for the carbon-
fiber recording electrode were +2.2 mm anterior-posterior (AP) and +1.7 mm medial-lateral 
(ML). The recording electrode was lowered -0.8 to -2.1 mm dorsal-ventral (DV) for motor cortex 
studies and -6.9 to -7.4 mm DV for those in the NAc. For single-unit recordings, the DV 
coordinate of the electrode was optimized for a location where spontaneous neuronal firing was 
detected. A chloridized silver wire served as the reference electrode and was fixed in the 
contralateral hemisphere with a stainless steel screw. Burr holes were drilled at -0.8 AP, +0.8 
ML; -0.8 AP, +3.2 ML; and -2.8 AP, +1.7 ML to allow for pinpricks or microinjections of KCl to 
stimulate waves of SD 3-5 mm away from the recording site. Pinpricks were delivered first with 
27 or 22 G hypodermic needles to 7.5 mm DV. If this technique failed to produce a SD recorded 
at the carbon-fiber electrode, a stronger stimulus of a KCl microinjection was used. A 33 G 
infusion needle (Plastics One Inc., Roanoke, VA) attached with plastic tubing to a 10 µL 
Hamilton syringe was used to manually inject 2 µL of KCl, at a concentration of 0.25 or 1 M, 
using the lowest required for initiating a SD. Stimulations were repeated every 20 minutes to 
allow for recovery between SDs.  
Calibrations 
Electrodes were post-calibrated in an air-impermeable flow-injection analysis system to 
obtain sensitivity values for oxygen and dopamine. We determined calibration factors of 1.12 
nA/µM for dopamine at its oxidative peak (+0.65 V) and -0.3 nA/µM for oxygen at its reductive 
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peak (-1.33 V) for the oxygen sensitive waveform; 7.95 nA/µM dopamine for the deconvolution-
based method waveform; and -0.059 nA/µM for oxygen using amperometry at -1 V. The current 
values recorded are converted to concentrations with the calibration factors. The factors are 
negative for oxygen because its reduction current is used for quantification.  
Resistance recordings of electrodes were made with Axopatch 200B patch clamp 
amplifier (Axon Instruments, Foster City, CA).12  
Statistical Analysis 
Two-tailed paired t-tests and Pearson’s correlation tests were performed with GraphPad 
Prism 4 (GraphPad Software, San Diego, CA) and p < 0.05 was considered statistically 
significant. 
 
Results and Discussion 
Simultaneously obtained DC potentials confirm SD signals.  
Recordings of widespread cellular depolarization serve as the gold-standard for 
identifying SD events (Fabricius et al., 2006; Leão, 1947). Cells fire bursts of action potentials at 
the onset of the depolarizing wave and then remain in a quiescent state for several minutes as 
energy stores are replenished and ion gradients are reestablished (Gorelova et al., 1987; 
Grafstein, 1956). In compromised tissue, cells may be electrically silent, but still exhibit a 
depolarization. In both instances, a negative shift in the DC potential occurs, indicative of 
widespread cellular depolarization (Dreier et al., 2016; Fabricius et al., 2006; Hartings et al., 
2011; Leão, 1947). Additionally, recordings of DC potential shifts during SD events provide a 
quantitative measure of the duration of the tissue depolarization. Therefore, we modified our 
                                                          
1Douglas C. Kirkpatrick performed patch clamp studies. 
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system to constantly record the voltage at the carbon-fiber electrode through a separate DC-
coupled amplifier, permitting measurement of extracellular DC potentials.  
Fig. 4.2 shows the results of our multimodal sensing capability, with simultaneous 
oxygen, dopamine, and DC potential recordings. Oxygen and dopamine concentration traces 
are obtained from the currents displayed in false color in the color plots at their respective 
reduction and oxidation potentials. DC potentials are recorded simultaneously, using a separate 
hardware filter. Our combined approach realizes a need in the field of SD research for an 
improved characterization method, amenable to recordings in compromised or healthy tissue in 
all brain regions. Additionally, the carbon-fiber microelectrode is much smaller (5 µm diameter) 
than traditionally used microdialysis sensors (Fabricius et al., 1993; Rogers et al., 2013); probes 
of this size do not elicit SD upon implantation, which can alter the tissue’s responsivity 
(Verhaegen et al., 1992). The use of multiple sensors not only damages tissue, but complicates 
the temporal alignment of measurements. Other studies with combined electrophysiology and 
dopamine recordings have been unable to discern the difference in onset time for the two 
signals (Moghaddam et al., 1987; Nagy et al., 1985; Ngo et al., 2017). With our time-locked 
recordings at high temporal resolution (5 Hz), we found that the DA signal onset followed the 
DC potential onset by 6.8 ± 0.9 s (average ± SEM, n = 8 subjects).     
Investigators in the voltammetry field use both conventional carbon-fiber electrodes as 
well as epoxy-sealed electrodes with improved glass-fiber seals (Rodeberg et al., 2017). The 
latter are preferred for voltammetry because they have lower background currents. However, 
the epoxy-sealed electrodes distorted the shape of the DC potential changes because of their 
stronger capacitive coupling to the solution (Fig. 4.2A,C,E). Thus, the DC shifts appear multi-
phasic and derivative-like, similar to AC-filtered recordings (Fabricius et al., 2006). We probed 
the response of both types of electrodes to potential steps to determine their contrasting 
capacitive and resistive characteristics (Fig. 4.2C,D,E). Non-epoxy sealed electrodes preserved  
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Figure 4.2. Simultaneous electrochemical and electrophysiological DC potential recordings during SD 
waves using the oxygen-sensitive waveform. (A) Color plot (top) recorded during a passing wave of SD 
with an epoxy-sealed electrode. Extracted oxygen (O2) and dopamine (DA) concentration traces from the 
color plot, and time-aligned DC potential trace (bottom). Vertical dashed line indicates the SD event 
onset. (B) SD recorded at a non-epoxy electrode in a separate subject from A. Color plot (top). O2 and DA 
concentration traces, and DC potential (bottom). (C) Measured current response of an epoxy-sealed 
electrode to eight potential steps, 0 to 70 mV, Δ 10 mV. (D)  Same as C, but for a non-epoxy electrode. 
(E) Left: Plot of the plateau current obtained from C and D against the potential magnitude of the applied 
steps. Epoxy electrode data in black. Non-epoxy electrode data in grey. Right: Simplified diagram for 
electrical characteristics of carbon-fiber microelectrode seals. Solution resistance, Rsoln; double-layer 
capacitance, CDL; leak resistance, Rleak.  
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the shape of the negative DC shifts during in vivo SD recordings due to their decreased “leak” 
resistance, caused by imperfections in the glass-fiber seal (Fig. 4.2B,D,E). However, the 
magnitude of the recorded potentials is attenuated due to the capacitive elements selecting 
against slow frequency changes. The epoxy-sealed electrodes (n = 7) recorded shifts of 5.7 ± 
0.6 mV with typical RMS noise of 133 µV; and, the non-epoxy electrodes (n = 6) recorded shifts 
of 2.3 ± 0.7 mV with noise levels of 19 µV. Though the two electrode types were unable to 
record SD events at the same location in any given subject, the electrochemical and 
electrophysiological data for both are consistent with expected SD patterns (vide infra).  
Repeated waves of SD yield highly reproducible signals.  
A pinprick or KCl stimulus, delivered at 20 minute intervals, elicited SD waves 3-5 mm 
away from our recording electrode. Consistent with the slow speed of travel of SD waves, the 
electrochemical and electrophysiological signals appeared at our sensor about 2 minutes after 
stimulation (Dreier, 2011; Somjen, 2001). The initial event observed was an increase in single-
unit firing. This was followed by an array of large, overlapping signals in the color plot of the 
cyclic voltammetry recordings, lasting ~1-2 minutes (Fig. 4.3A,B). These results conform to the 
expected supraphysiological surge of chemical and electrical activity that radiates from a 
traumatized brain region, which includes concomitant shifts in ions, pH, oxygen, and 
neurotransmitters (Ayata & Lauritzen, 2015; Dreier, 2011; Hansen & Zeuthen, 1981; 
Moghaddam et al., 1987; Mutch & Hansen, 1984; Somjen, 1984, 2001). For a given location, 
successive SD signals were highly reproducible (Fig. 4.2B), consistent with the “all-or-none” 
characteristic (Somjen, 2001) of the depolarizing wave. This allows for within animal controls. 
The time to SD onset following stimulation typically varied by ~20 s; the concentration traces in 







Figure 4.3. Recordings on the oxygen-sensitive waveform during SD events in the nucleus accumbens. 
(A) Representative color plot from consecutively elicited SD waves (n = 5). (B) Concentration traces for 
dopamine (DA) and oxygen (O2), at the DA oxidation potential (+0.65 V) the oxygen reduction potential   




Interpretation of SD signals in FSCV measurements.  
FSCV produces multivariate data sets, which allow for identification of multiple signals 
and interfering currents. The most prominent features of SD in the background-subtracted CVs 
are capacitive peaks following the switching potentials (SPs) of the applied waveform (+0.8 V 
and -1.4 V for the oxygen-sensitive waveform, Fig. 4.4). These tend to obscure the current from 
the faradaic reactions of oxygen and dopamine. A large background current is generated by 
charging the electrical double layer when using high scan rates, as in FSCV (Robinson et al., 
2008). However, the massive change in ionic concentrations during SD and the adsorption of 
ions to the electrode alters the double-layer capacitance, thus changing the background current 
(Johnson et al., 2017; Takmakov et al., 2010). The altered capacitance manifests most strongly 
as peaks at the switching potentials of the background-subtracted CVs because the polarity of 
the scan reverses, necessitating the discharge and recharge of the capacitance. The capacitive 
peaks are then time-delayed because of the low-pass filtering of the UEI.  
Another component of the electrochemical SD signal arises from pH-dependent redox of 
quinone moieties on the carbon-fiber surface (Q-peak, Fig. 4.4) (Kawagoe et al., 1993; 
Takmakov et al., 2010). The electrochemical reaction of quinone surface groups involves 
electrons and protons, and contributes current to the background signal.  Consequently, the 
change in pH that occurs during SD events (Mutch & Hansen, 1984; Somjen, 1984) shifts the 
oxidation and reduction potentials of this process, producing prominent signals in the 
background-subtracted color plot. The first peak of the redox couple overlaps the dopamine 
oxidation current and the second peak is more well-defined at -0.1 V on the reductive scan 
(Takmakov et al., 2010; Venton et al., 2003).   
SDs produce capacitive and pH signals of a confounding magnitude, not seen in 
previous FSCV literature (Jones et al., 1994; Kume-Kick & Rice, 1998; Venton et al., 2003). 






Figure 4.4. Characterization of FSCV signals on the oxygen-sensitive waveform during a SD wave in the 
nucleus accumbens. (A) FSCV color plot recorded during a spreading depression event. A pinprick was 
delivered at 0 s. The SD presented as a massive change in current at multiple potentials 115 s after the 
stimulus. White dashed lines indicate potentials of analyte oxidation or reduction, or interfering currents. 
(B) Representative cyclic voltammogram collected during spreading depression event (t = 117 s, 
indicated by the dashed grey line in A and C). Grey arrow heads indicate the direction of voltage scan.  
Asterisks designate the oxidation and reduction potentials for dopamine (DA); triangles denote the 
switching potential (SP) peaks; a star specifies the Q-peak; a circle marks the reduction potential for 




principal component regression analysis (PCR) (Keithley et al., 2009). However, the large 
magnitude and temporal overlap of the various responses in SD precludes obtaining the 
independent standards required to build a training set for PCR (Johnson et al., 2016; Keithley et 
al., 2009; Rodeberg et al., 2015). Therefore we employed other methods to verify dopamine and 
oxygen currents.  
Varied temporal evolution of the overlapping signals allows for dopamine identification.  
CVs taken during the wave of SD (Fig. 4.4B) do not resemble those for dopamine, due 
to the overlapping ionic- and pH-based signals. However, we took advantage of the different 
temporal characteristics of the signals for dopamine oxidation and the interfering currents to 
obtain an improved CV. The background signal in FSCV is typically set at a time where there 
are no significant changes (i.e., quiescent baseline). In Fig. 4.5, the background for subtraction 
is instead set at a time during the SD where the interfering currents (SPs and Q-peak) are near 
maximum and the dopamine signal has partially decayed. Most of the interfering signal is 
subtracted, generating a CV with the characteristic oxidative and reductive peaks assigned to a 
dopamine concentration increase (Fig. 4.5B, black CV).  Although this approach yields an 
improved CV, the concentration trace for dopamine still contains other signal components.  
Convolution-based prediction improves dopamine CVs and concentration profiles.  
We employed a convolution-based method with enhanced dopamine sensitivity and 
selectivity to verify dopamine release currents during SD (Johnson et al., 2017). The negative 
holding potential (-0.4 V) pre-concentrates dopamine at the electrode surface, and the extended 
positive limit (+1.3 V) prevents fouling of the electrode surface and enhances adsorption of 
dopamine (Heien et al., 2003). The +0.1 V potential step probes the impedance changes 
occurring at the time of each waveform application, and convolution of the triangular wave with 










Figure 4.5. Time-varied background subtraction signals reveal characteristic dopamine (DA) cyclic 
voltammogram (CV). (A) Current traces from data in Figure 3. Black, dotted line at 117 s indicates time of 
maximum current signal during SD wave.  The grey, dashed line at 90 s designates a time before the 
wave of SD as a quiescent baseline. The grey, dashed line at 140 s denotes a time during the SD wave 
where the current for DA oxidation has significantly decayed, but the current at the 1st SP and Q-peak 
potentials are at near max. (B) CVs taken at 117 s, indicated by the black, dotted line in A.  Setting the 
background signal for subtraction at 90 s generates the grey CV.  Shifting the background signal time to 





charging current) in the existing impedance state. This enables removal of the interfering 
capacitive currents as seen in Fig. 4.6. After subtraction of convolution-based predictions of 
non-faradaic current, the color plot and CV clearly show the redox peaks indicative of a large 
increase in dopamine (compare CVs in Fig. 4.4B and Fig. 4.6C to dopamine CV presented by 
(Heien et al., 2003)). We obtained peak values of 8.2 ± 1.7 µM dopamine (n = 7 subjects), which 
agrees with recordings made during SD in the striatum with less selective voltammetric 
techniques and, more recently, with microdialysis (Moghaddam et al., 1987; Nagy et al., 1985; 
Ngo et al., 2017). It is important to keep in mind that calibration curves for dopamine with FSCV 
deviate from linearity above ~5 µM (Heien et al., 2003), which could lead to an underestimation 
of the concentration. Also, during SD, the extracellular space shrinks, causing an enhanced 
increase in concentration for a given increase in quantity of a species (Dreier, 2011). However, 
this concentration is orders of magnitude larger than physiological transients (100-200 nM) (Fox 
et al., 2016; Owesson‐White et al., 2009; Robinson et al., 2002), highlighting the 
supraphysiological nature of this phenomenon. 
The difference in dopamine peak current before and after convolution-based data 
treatment was 14.8 ± 2.2%, revealing non-trivial contribution from capacitive currents. The 
quantification accuracy over the full time course is improved (Fig. 4.6D), which is vital to 
investigations of release dynamics. Few studies examine the effects of monoamines in SD, 
though dopamine is implicated in ischemic damage of catecholaminergic nerve terminals 
(Buisson et al., 1992; Globus et al., 1987; Weinberger & Cohen, 1983) and serotonin receptor 
activation contributes to the hyperemic response during cortical SD (Gold et al., 1998). FSCV is 











Figure 4.6. Convolution-based method to enhance dopamine (DA) signal specificity. (A) Color plot of a 
SD wave in the NAc obtained using the convolution-based method waveform. (B) Same color plot 
following subtraction of convolution-based predictions of non-faradaic current with in-house LabVIEW 
software. (C) CVs obtained from the color plots before (grey, from A) and after (black, from B) removal of 
non-faradaic currents. (D) DA concentration traces obtained at 0.65 V on anodic scan, from A (grey) and 





Amperometry verifies selectivity for oxygen measurements in FSCV during SD.  
Due to the overlapping, interfering signals produced in SD, verifying oxygen by CV 
shape was impossible. Therefore, we employed amperometry to confirm that oxygen currents 
were devoid of interference. Amperometry is a widely-used technique to measure oxygen that 
holds the electrode at a constant potential (Balanca et al., 2016; Bolger et al., 2011; Piilgaard & 
Lauritzen, 2009; T. Takano et al., 2007). This makes it immune to the capacitive interference 
observed in FSCV. The same carbon-fiber electrode was used for both FSCV and amperometry 
recordings during SD within subjects. Epoxy-sealed electrodes must be used for amperometric 
recordings to avoid generating current due to the change in resistance of the extracellular 
media. We compared two oxygen traces obtained by FSCV during SD to two consecutive 
oxygen traces recorded with amperometry (Fig. 4.7). The peak concentrations recorded with the 
two methods were not significantly different (two-tailed, paired t-test, p = 0.40, n = 5), while the 
concentration-over-time traces exhibited a significant correlation (Pearson’s R = 0.87, p < 
0.0001, n = 5), confirming that FSCV oxygen traces were free from interfering currents.  
 
Conclusion 
SD is involved in pathological processes and promotes lesion growth in compromised 
neural tissue. Characterizing SD waves is crucial to improve diagnostics and develop 
therapeutic interventions. Due to the array of changes occurring during SD, multimodal sensing 
is employed which often requires multiple probes, complicating experimental procedures and 
producing greater tissue damage. We have optimized FSCV at carbon-fiber microelectrodes for 
minimally invasive recordings of oxygen and neurotransmitters during SD with simultaneous 
single-unit or DC potential electrophysiological verification. Substantial, overlapping signals are 











Figure 4.7. Sequential oxygen concentration traces (mean ± SEM) obtained with FSCV (black) and 
amperometry (blue) in the same subject. Concentrations were obtained by using the respective 







Though we were unable to use PCR for signal authentication, we verified the recordings 
of oxygen and dopamine by amperometry and a convolution-based method, respectively. As 
proof-of-concept, we recorded signals of SD in the NAc, revealing large oxygen changes and 
supraphysiological release of dopamine during the depolarizing wave. FSCV is a powerful 
technique for minimally invasive, multimodal recordings of chemical and electrophysiological 
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CHAPTER 5: A COMPARATIVE STUDY OF SPREADING DEPOLARIZATIONS IN THE 
MOTOR CORTEX AND NUCLEUS ACCUMBENS: VARIABLE OXYGEN RESPONSES AND 
AN EXCITATORY ROLE OF DOPAMINE 
 
Introduction 
Spreading depolarizations (SD) are pathological events characterized by one of the 
largest changes in electrophysiological activity and extracellular ion concentration that occur in 
neural tissue (Dreier et al., 2013; Somjen, 2001). Extracellular potassium increases from ~3.5 
mM to over 30 mM; sodium, calcium, and chloride ions also enter the cells, accompanied by 
water (Hansen & Zeuthen, 1981; Kraig & Nicholson, 1978). Additionally, neurotransmitters such 
as glutamate, dopamine, and adenosine that may modulate SD effects are released into the 
extracellular space (Fabricius et al., 1993; Kaku et al., 1994; Moghaddam et al., 1987; Ngo et 
al., 2017; Szerb, 1991). It is believed that the high extracellular concentrations of potassium and 
glutamate depolarize neighbouring cells, propagating the SD wave through neural tissue at a 
slow velocity (~3 mm/min) (Grafstein, 1956; Guedes & Barreto, 1991; van Harreveld, 1959).  
In otherwise healthy tissue, SDs do not cause cell death (Nedergaard & Hansen, 1988) 
and cerebral blood flow (CBF) concurrently increases (i.e. hyperemia) with the wave of SD 
(Back et al., 1994; Mies & Paschen, 1984; Sonn & Mayevsky, 2000). An increase in CBF 
delivers oxygen and glucose and provides energy to the metabolically challenged tissue to 
restore ion gradients. However, SD waves are accompanied by CBF decreases (i.e. hypoemia) 
in compromised tissue (Dreier et al., 2009; Shin et al., 2006) which promote cell death 
(Dijkhuizen et al., 1999; Hartings et al., 2003; Mies et al., 1993). These depolarizing events 
spontaneously develop in the compromised tissue, or penumbra, surrounding a lesion during an 
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array of pathologies such as stroke, hemorrhage, and traumatic brain injury (Dreier et al., 2013; 
Lauritzen et al., 2011). The hypoemic response likely contributes to the transition of penumbral 
tissue to additional lesion mass by prolonging the duration of ionic disruption and cellular 
swelling. 
The variability in underlying mechanisms between innocuous and injurious SD waves 
are not fully understood. CBF and markers of metabolic activity (e.g., glucose/lactate and 
NADH/NAD+ ratios) are often recorded during SD studies to expose differences in innocuous 
and injurious SD waves. However, a prolonged decrease in tissue glucose content can occur 
even with a concurrent increase of blood flow (Hashemi et al., 2009). Additionally, small pockets 
of tissue distanced >10 µm from capillary walls may experience hypoxic conditions (insufficient 
amount of oxygen) during hyperemia, while cells located closer to vessels receive adequate 
oxygen for the SD-increased metabolic demand (Takano et al., 2007). Oxygen changes 
represent the balance between blood flow delivery and metabolic consumption, indicating the 
response of tissue to the challenge of a SD wave. However, studies have found conflicting 
responses of oxygen concentration to waves of SD, due to differences in experimental protocol 
such as anaesthesia, surgical procedures, and animal models (Back et al., 1994; Balanca et al., 
2016; Dietrich et al., 1994; Piilgaard & Lauritzen, 2009; Sakadžić et al., 2009; Takano et al., 
2007).  
Recently, we described a multimodal sensor capable of ms-resolution, simultaneous 
recordings of oxygen, electroactive neurotransmitters, and DC potential electrophysiology 
during SD (Hobbs et al., 2017). Here, we employ this sensor to explore variability in oxygen 
responses to SD waves in the traditionally studied cortex and a deeper brain region with 
dopaminergic innervation, the nucleus accumbens (NAc), of the urethane-anesthetized rat. With 
the 5 µm diameter and μm-spatial resolution of our sensor, we avoid confounding effects of 
tissue damage and are able to detect variance in oxygen responses in normally perfused tissue 
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due to spatial heterogeneity. As distinct brain regions are differentially susceptible to SD (Bureš 
& Burešová, 1981; Somjen, 2001) and have variable vascularization (Cavaglia et al., 2001) and 
cell-type populations (Pockberger, 1991; Surmeier et al., 2007), we hypothesize that SD may 
have variable effects on these two brain regions. Finally, we investigate the modulatory role of 
dopamine on SD in the NAc with pharmacological manipulation.  
 
Materials and Methods 
Animal care and stereotactic surgery 
All techniques were carried out in accordance with the Institutional Animal Care and Use 
Committee of the University of North Carolina at Chapel Hill. Experiments were performed in 
male, Sprague-Dawley rats (350-550 g) anesthetized by a 1.5 g/kg i.p. injection of 50/50% w/v 
urethane (Sigma Aldrich, St. Louis, MO) in bacteriostatic 0.9% NaCl (Hospira Inc., Lake Forest, 
IL). The animals were placed in a stereotaxic frame and holes were drilled through the skull for 
insertion of the carbon-fiber electrode and Ag/AgCl reference. Three additional holes were 
drilled for access to stimulate waves of SD 3 to 5 mm away from the recording location. 
Coordinates used are in mm anterior-poster (AP), medial-lateral (ML), and dorsal-ventral (DV) 
with reference to bregma (Paxinos and Watson, 2007). The carbon-fiber working electrode was 
either placed in the NAc (+2.2 AP, +1.7 ML, -6.9 to -7.4 mm DV) or in the motor cortex (+2.2 
AP, +1.7 ML, -0.8 to -2.1 mm DV). The Ag/AgCl electrode was placed in the contralateral 
hemisphere and secured with a stainless steel screw. The extra holes were located at -0.8 AP, 
+0.8 ML; -0.8 AP, +3.2 ML; and -2.8 AP, +1.7 ML.  
Experimental SD 
SD-inducing stimuli were delivered at 20 minute intervals, 3-5 mm away from the 
recording site, using either mechanical damage or delivery of high concentrations of potassium. 
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Hypodermic needles (27 and 22 G) were used to deliver pinpricks to the same depth as the 
carbon-fiber electrode placement. A 10 µL Hamilton syringe connected to a 33 G infusion 
needle (Plastics One Inc., Roanoke, VA) was used to manually microinject 2 uL of KCl (Sigma 
Aldrich, St. Louis, MO) dissolved in deionized water. Concentrations of 0.25 and 1 M KCl were 
employed, using the lowest concentration that reliably elicited a wave of SD.  
Simultaneous electrochemical and electrophysiological data acquisition  
Combined fast-scan cyclic voltammetry (FSCV) and electrophysiological data acquisition 
has been previously described (Hobbs et al., 2017; Takmakov et al., 2011). Briefly, voltage 
applied to and current recorded at the carbon-fiber microelectrode were managed by the HDCV 
(High Definition Cyclic Voltammetry, UNC-Chapel Hill, NC, USA) software program. Two 
different waveforms were used in this study. The “oxygen waveform” simultaneously detects 
oxygen and dopamine and was used in 16 NAc and 15 cortex locations across 26 rats (five rats 
each had two recording locations within the same brain region, n = 2 NAc and n = 3 cortex). The 
waveform was scanned at 400 V/s from 0 to +0.8 V then to -1.4 V before returning to the 
holding potential of 0 V. A triangular waveform allowing for convolution-based removal of non-
faradaic currents (Johnson et al., 2017) was used for studies in the NAc investigating the effect 
of GBR-12909 (Sigma Aldrich, St. Louis, MO), raclopride, and SCH 23390 on dopamine release 
and SD propagation (n = 5 for GBR-12909 and SCH 23390, n = 4 for raclopride, one location in 
each animal). The waveform has a 1.5 ms potential step from -0.4 V to -0.3 V preceding the 
triangle scan at 400 V/s from -0.4 V to +1.3 V and back to -0.4 V. In-house software (UNC 
Chapel Hill) written in LabVIEW (National Instruments, Austin, TX) performs the convolution-
based subtraction. Single-unit action potentials or DC potential recordings were made in the 180 
ms between applications of the voltammetric waveform.  
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Signal identifications and calibrations 
For a detailed description of verification and calibration techniques used, refer to Hobbs 
et al. (2017). An air-impermeable flow-injection analysis system was used to determine the 
electrodes’ (~75 µm exposed carbon fiber) post-experiment sensitivity to oxygen and dopamine. 
The oxygen waveform has a sensitivity of 1.12 nA/uM for dopamine at its oxidative peak (+0.65 
V) and -0.3 nA/uM for oxygen at its reductive peak (-1.33 V). Sensitivity for dopamine on the 
convolution-based triangle waveform is 7.95 nA/uM. 
Data analysis 
Statistical tests were performed in Prism 4 (GraphPad Software, San Diego, CA) and p < 
0.05 was considered significant. Grubbs test was used to determine outliers. 
Digitizer and offline sorter software (Plexon, Dallas, TX) were used to analyze single-unit 
electrophysiology recordings. DC electrophysiological recordings were analyzed with an in-
house MATLAB (Natick, MA) script (Electronics Department, UNC Chapel Hill). 
Electrophysiological changes indicative of SD were time locked to the previously characterized 
voltammetric signals arising from SD with FSCV (Hobbs et al., 2017) (Fig. 5.1).  
SD velocity was calculated by dividing the distance between the stimulation and 
recording sites by the difference in time between the stimulation and onset of the voltammetric 
SD signal at the carbon-fiber recording electrode (Eq. 5.1).  
𝑆𝐷 𝑣𝑒𝑙𝑜𝑐𝑖𝑡𝑦 =
𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒 𝑓𝑟𝑜𝑚 𝑠𝑡𝑖𝑚𝑢𝑙𝑎𝑡𝑖𝑜𝑛 𝑡𝑜 𝑟𝑒𝑐𝑜𝑟𝑑𝑖𝑛𝑔 𝑠𝑖𝑡𝑒 (𝑚𝑚)
𝑡𝑖𝑚𝑒 𝑓𝑟𝑜𝑚 𝑠𝑡𝑖𝑚𝑢𝑙𝑢𝑠 𝑡𝑜 𝑜𝑛𝑠𝑒𝑡 𝑜𝑓 𝑆𝐷 𝑠𝑖𝑔𝑛𝑎𝑙 (𝑚𝑖𝑛)
 
The distances between stimulation and recording sites were not histologically verified due to the 
damage of the tissue caused by stimulating SD, and were instead calculated from the difference 
in stereotactic coordinates. The calculated velocities were reproducible within a given location 




Figure 5.1. Simultaneous electrophysiological and voltammetric recordings. Voltammetric data displayed 
as colorplots with corresponding electrophysiological data shown below. Top panel, stimulation failed to 
produce SD. Three lower panels, successively induced SDs. Red triangles indicate time of stimulus. A) 
NAc location with single-unit activity from an interneuron. B) Cortex location with pyramidal cell single-unit 
activity. C) DC electrophysiological recordings in a NAc location. 
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SD within a given location were averaged and the means of the NAc and cortex were compared 
by a two-tailed Student’s t-test. SD velocity over successive waves was assessed by 
normalizing within-location values to the highest velocity. The normalized velocities of 
successive pricks across all recording locations were then grouped and analyzed by a one-way 
analysis of variance (ANOVA).     
Oxygen traces were analyzed for peak maximums and minimums. These values were 
averaged and expressed as mean ± SEM. Peak magnitude, decay-time (t1/2), and half-width 
analyses for dopamine traces and DC potentials were performed in Clampfit (Molecular 
Devices, LLC, USA). Within-subject comparisons of these values before and after 
pharmacological treatment were compared via two-tailed, paired Student’s t-tests.  
 
Results  
SD velocity and induction 
We previously characterized an implantable, multimodal sensor for simultaneous 
voltammetric detection of oxygen and neurotransmitters, in addition to recordings of 
electrophysiological changes (Hobbs et al., 2017). Large voltammetric signals indicative of SD 
are accompanied by electrophysiological measurements of depolarization (Fig. 5.1). The SD is 
recorded at the carbon-fiber working electrode ~2-4 minutes after delivery of a stimulus at a 
location 3-5 mm away. The time difference and stereotactic positions of the stimulus and 
recording locations are used to calculate the SD velocity (Eq. 5.1). SD waves propagate more 
quickly through cortical tissue than through the ventral striatum (cortex: 2.47 ± 0.10 mm/min, n = 
15 locations versus NAc: 1.50 ± 0.09 mm/min, n = 16 locations; Student’s t-test, p < 0.0001; Fig. 




















Figure 5.2. Spreading depolarization (SD) velocity analysis. A) Average velocities for SD waves in the 
nucleus accumbens (NAc) and cortex. Columns indicate the means of the two sample sets. The velocities 
are significantly different between the two brain regions (p < 0.001, two-tailed t-test). Mean velocities of 
each recording site are plotted; NAc, squares; cortex, triangles. B) Normalized velocity changes for 
successive SD waves in the same location. Numbers of locations included for each successive SD event 
are indicated along the x-axis. Some values were obtained from SDs elicited on waveforms that were 






(one-way ANOVA, n = 31, F = 0.4278, p = 0.8835; Fig. 5.2B). Additionally, SD were more likely 
to be elicited and propagate to our sensor in the cortical experiments as compared to those in 
the NAc. If two successive pinpricks failed to trigger SD, a KCl microinfusion was delivered 
instead (first 250 mM, then 1 M). KCl microinfusions were required in 62.5% of NAc locations, 
as opposed to only 13.3% of cortex locations. 
Four types of oxygen changes accompanying SD  
Our lab was the first group to observe oxygen changes in the deep brain during evoked 
SD in a proof-of-concept paper (Hobbs et al., 2017). Here, we present a more thorough analysis 
of oxygen responses during SD in both the cortex and NAc of the urethane-anesthetized rat. 
Four main types of oxygen concentration changes were recorded during SD, categorized here 
as “increases” or “decreases” and “monophasic” or “biphasic” (Fig. 5.3). Studies with sufficient 
temporal and spatial resolution identify four components of blood flow changes in normally 
perfused cortical tissue (Ayata & Lauritzen, 2015; Li et al., 2016). An initial, small hypoperfusion 
(Phase I, 5-30% decrease in blood flow) is followed by the dominating hyperperfusion response 
(Phase II, 30-250% increase in blood flow). Often, a secondary, smaller hyperperfusion (Phase 
III, 10-50% increase) is recorded. Phase IV corresponds to a long-lasting (over 30 minutes) 
oligemia (blood flow decrease 10-40% below baseline). Though oxygen concentration change is 
a result of both blood flow and metabolism, we have utilized this four phase scheme to denote 
different stages of the recorded oxygen traces (Fig. 5.3).  
The responses to evoked SD in all locations included an oxygen concentration increase 
followed by a decrease below baseline. If the peak concentration increase from baseline was 
larger than the decrease from baseline, the location was designated as an “increase” (19 out of 
31 locations, or 62.4%; Fig. 5.3), and vice versa. Locations were defined as “biphasic” when the 








Figure 5.3. Representative oxygen traces and electrophysiological recordings from four different locations 
depicting the types of oxygen responses recorded during SD. Electrophysiological recordings (grey) are 
displayed below the oxygen traces (black). Red vertical dashed lines indicate temporal boundaries of 
depolarization signals. Roman numeral I, initial decrease in oxygen; II, main oxygen increase peak; III, 
delayed increase in oxygen; IV, long-lasting decrease below baseline. Pie charts in the upper right-hand 
corner of the quadrants give the number of locations of each response type (NAc in blue, cortex in 
orange). A) Biphasic oxygen increase with DC potential. B) Biphasic oxygen decrease with DC potential. 
C) Monophasic oxygen increase with DC potential. D) Monophasic oxygen decrease with single-unit 









Table 5.1. Magnitude of changes for the four types of oxygen responses during SD. 
 
 
1st Max O2 
(µM) 
1st Min O2 
(µM) 
2nd Max O2 
(µM) 
2nd Min O2 
(µM) 
Duration of 
1st Max (s) 
Duration of 
2nd Max (s) 
Monophasic 
Increase  
(n = 8) 
37.6 ± 7.1 -10.6 ± 2.2 – – 112.4 ± 23.6 – 
Monophasic 
Decrease  
(n = 2) 
9.6 ± 4.5 -24.5 ±12.1 – – 19.7 ± 1.6 – 
Biphasic 
Increase  
(n = 11) 
46.5 ± 9.4 -15.4 ± 2.3 7.1 ± 4.3 -7.9 ± 3.5 48.2 ± 3.8 88.7 ± 9.2 
Biphasic 
Decrease  
(n = 10) 









locations, or 67.7%; Fig. 5.3). The average peak and trough oxygen concentrations and 
durations of the peaks are given in Table 5.1 (there were no differences between brain regions).  
The oxygen trace in Fig. 5.3A shows all four phases, is similar to blood flow traces 
presented by Li et al. (2016), and occurred in 35.5% of locations. An initial dip in oxygen 
concentration, Phase I, was apparent in 51.6% of locations (n = 10 NAc, n = 6 cortex); however, 
it was not always reproducibly present. Six of those locations had one or more responses to SD 
waves without the initial oxygen decrease component (Fig 5.4). The decrease was relatively 
small (2.40 ± 0.22 µM) compared to the other oxygen changes (three location averages—
26.04,10.58, and 6.39 µM—were not included in the calculation as each was identified as an 
outlier by iterative Grubbs tests, p < 0.05). The magnitude of the Phase 1 changes were 
normalized to the largest response within recording location. The response accompanying the 
first SD was larger than that of the second and seventh (one-way ANOVA, F = 4.406, p = 
0.0042; Tukey’s post-hoc test, p < 0.05; Fig. 5.4). 
Successive oxygen responses within a recording location   
We found that responses could vary widely between recording locations, but were highly 
similar for successive waves within a location (n = 31 locations, Fig. 5.5-5.7). In five subjects, 
oxygen responses to SD waves were characterized in two locations of the same brain region, 
separated by at least 0.3 mm in the DV axis (Fig. 5.6). The ventral location in Fig. 5.6A had a 
shorter duration oxygen increase and decreased further below baseline. Interestingly, oxygen 
traces for locations separated by 0.8 mm were highly similar in one subject (Fig. 5.7B). The two 
recording sites’ responses given in Fig. 5.7C were both increases, but changed from a 
monophasic to a biphasic profile. Similar responses were obtained for locations presented in 
Fig. 5.7E, though the magnitude differed. In Fig. 5.6E, the response changed from an increase 










Figure 5.4. Changes in Phase I, initial oxygen dip, over successive SD waves. Mean ± SEM are 
presented with columns and bars. Fractions along the x-axis give the number of locations which 
presented with phase I out of the total number of locations that ever presented phase I, at the Nth SD (i.e., 
only four locations had up to six SD waves and only one location’s response showed Phase I). Y-axis is 
inverted to represent the changes as oxygen decreases. Groups with more than one data point were 
analyzed by a one-way ANOVA, F = 4.406, p = 0.0042. Columns sharing a letter are significantly 









Figure 5.5. Oxygen traces from successive SD events in individual recording locations. Cortical locations, 
A-G; NAc locations, H-R. Color keys to the right of the oxygen traces signify the order in which the 
responses were elicited, first to last, top to bottom. Different color groups (e.g., grey scale vs. blue scale) 
indicate the use of different stimulus locations to evoke the SD waves. Traces within each location are 






Figure 5.6. Oxygen traces during successive SD waves from animals with two recording locations each. 
Color keys to the right define the order of responses to successive SD waves, first to last, top to bottom. 
Different colors (e.g. blue scale vs. grey scale) signify a different stimulus location. Dorsal-ventral depth of 
recording location specified above color key. Traces within a location are temporally aligned to the onset 
of depolarization. A) Two cortical locations, separated by 0.3 mm. B) Two cortical locations, separated by 
0.8 mm. C) Two cortical locations, separated by 0.3 mm. D) Two NAc locations, separated by 0.5 mm. E) 














Figure 5.7. Oxygen responses to SD waves with variability in the same recording location. Color keys to 
the right define the order of responses to successive SD waves, first to last, top to bottom. Different colors 
(e.g. blue scale vs. grey scale) signify a different stimulus location. Traces for each recording location are 
temporally aligned to the SD onset, except in C where SDs elicited from different stimulation locations are 
offset for ease of comparison. A) Only the first SD, black, shows the second increase peak, phase III. B) 
Pinprick stimuli in one location (grey scale; -0.8 mm AP, +3.2 mm ML) elicited a two-peak oxygen 
increase that arrived in the recording location before the wave of SD (black trace) or without a following 
SD wave (grey dashed trace). Pinprick stimuli in a second location (blue scale; -0.8 AP mm, +0.8 mm ML) 
did not elicit two-peak oxygen increase before SD. C) Pinprick stimuli delivered in two different locations 




Overwhelmingly, the profile of oxygen changes to successive SD waves were extremely 
similar within a given location; however, three locations depicted variance at the same recording 
location (Fig. 5.7). In one location, the delayed increase peak (Phase III) disappeared after the 
first SD (Fig. 5.7A). This location was categorized as a monophasic response for analysis, since 
the three following recordings lacked Phase III. In another recording site, pinpricks delivered at 
one location, but not the second, elicited a two-peaked oxygen increase that either began 147 s 
before the SD signal arrived (first trace, black) or occurred on its own without a SD (second 
trace, dashed grey; Fig. 5.7B). Finally, one location showed different oxygen responses based 
on the location that the stimulation was delivered (Fig 5.7C). Both profiles are biphasic 
increases, but the magnitudes and shapes differ.  
Dopamine release and pharmacological manipulation during SD in the NAc 
Recordings of SD waves in the NAc were all accompanied by a large release of 
dopamine that was highly reproducible within a recording location (Fig. 5.8). To 
pharmacologically investigate the possible effects of dopamine in SD, we recorded two SDs, 
then delivered dopamine reuptake inhibitor, GBR-12909, with i.p. injection, and after 45 minutes 
recorded 3-4 succeeding waves of SD (n = 5 subjects, Fig. 5.9). After administration of GBR-
12909, the peak concentration of dopamine did not significantly change (8.70 ± 2.34 µM pre-
drug vs 8.54 ± 1.86 µM post-drug, paired, two-tailed t-test, p = 0.8823; Fig. 5.9); but, the decay 
time (t1/2) of dopamine reuptake significantly increased from 15.87 ± 3.97 to 27.32 ± 4.50 s 
(paired, two-tailed t-test, p = 0.0089; Fig. 5.9). Also, the SD velocity significantly increased from 
1.62 ± 0.20 to 2.49 ± 0.21 mm/min (paired, two-tailed t-test, p = 0.0004; Fig. 5.9). Neither the 
magnitude (4.14 ± 0.71 pre-drug vs 3.95 ± 0.67 mV post-drug; Fig. 5.9), nor the duration 
(measured at 50% of maximal response, 28.70 ± 5.84 pre-drug vs 31.15 ± 3.67 s post-drug; Fig. 
5.9) of the DC shift was significantly changed (paired, two-tailed t-test, p = 0.5302 and p = 












Figure 5.8. Peak magnitude of dopamine (DA) release during successive SD waves. Mean ± SEM are 
presented with columns and bars. Numbers along x-axis indicate the quantity of locations with that many 
successive SD waves recorded. 1st through 5th SD wave groups not significantly different (one-way 













Figure 5.9. Effect of GBR-12909 on dopamine (DA) release, spreading depolarization (SD) velocity, and 
DC potential shift. A) Representative color plot of SD event in NAc with convolution-based method 
waveform. B) Cyclic voltammogram from A at 200 s. C) average ± SEM DA release traces during SD 
waves in a single location, before (black) and after (blue) administration of GBR-12909. D) Analysis of 
changes in DA peak concentration, DA decay time (t1/2), SD velocity, DC shift magnitude, and DC shift 
duration (half-width) after administration of GBR-12909 (n = 5 animals). Significance between pre- and 




receptor type over the other, we repeated the experiment using raclopride or SCH 23390, 
selective D2- and D1-receptor antagonists, respectively (Fig. 5.10). 
The dopamine peak decay time significantly increased with D2-receptor antagonism 
(15.22 ± 3.20 to 33.33 ± 4.96 s, p = 0.038; Fig. 5.10). Also SD velocity trended towards 
increasing, as seen for GBR, but did not reach significance (1.21 ± 0.10 to 1.84 ± 0.31 mm/min, 
p = 0.0653). D1-receptor antagonism attenuated the dopamine peak magnitude (11.73 ± 2.12 to 
8.56 ± 1.86 µM, p = 0.0078; Fig. 5.10), but did not affect SD velocity. 
 
Discussion  
SD propagates more quickly in the cortex than in the ventral striatum  
Differences in susceptibility to SD for different brain structures have been well 
documented (Bureš & Burešová, 1981; Somjen, 2001), and SD susceptibility and propagation 
speed are correlated (Ayata, 2013). Disparity in inherent excitability of neurons is one cause of 
contrasting vulnerability (Karunasinghe & Lipski, 2013). Brisson and Andrew (2012) proposed 
another—differing efficacy of Na+-K+-ATPase pumps between neuronal populations. 
Additionally, astrocytes protect against SD by clearing the extracellular space of potassium ions 
and glutamate (Lian & Stringer, 2004; Szerb, 1991). Accordingly, regions with higher densities 
of astrocytes have slower velocity SD waves (Fujita et al., 2016). SDs were more likely to be 
initiated and propagate to our recording electrode in the cortex as compared to the NAc. 
Additionally, SD velocity was faster in the cortex than in the ventral striatum (Fig. 5.2). We 
propose that the higher density of astrocytes in the NAc as compared the cortex (Savchenko et 









Figure 5.10. Effect of dopamine (DA) D1 (SCH 23390) and D2 (raclopride) receptor antagonists on DA 
release, spreading depolarization (SD) velocity, and DC potential shift. Analysis of changes in DA peak 
concentration, DA decay time (t1/2), SD velocity, DC shift magnitude, and DC shift duration (half-width) 
after administration of raclopride (n = 4 animals) or SCH 23390 (n = 5 animals). Mean ± SEM given by 
columns and bars. Significance between pre- and post-drug values was analyzed by paired, two-tailed t-









SD waves evoke oxygen increases and decreases in both the cortex and NAc  
Oxygen concentration changes with SD waves are generally reproducible for a given 
experimental preparation (Back et al., 1994; Dietrich et al., 1994; Wolf et al., 1997). However, 
inconsistencies between reports of blood flow and oxygen concentration recordings during SD 
waves have been attributed to the use of different anesthetics (Duckrow, 1991; Rogers et al., 
2013) and surgical procedures that alter physiological responsivity (Chang et al., 2010; 
Verhaegen et al., 1992). Dietrich et al. (1994) and Balanca et al. (2016) both found that SDs 
spontaneously propagating from an injured tissue mass (photothrombotic infarction or fluid 
percussion injury, respectively) exhibit a decrease in oxygen concentration followed by an 
increase. Cortical SD waves elicited by KCl or pinprick induced monophasic increases in 
oxygen under anesthetic regimes that increase resting CBF (Back et al., 1994; Balanca et al., 
2016); whereas, animals under α-chloralose anesthesia exhibited an initial increase in oxygen 
followed by a decrease below baseline (Piilgaard & Lauritzen, 2009).  
Here, we reported variability in oxygen responses to SD within the same brain region 
and under the same experimental preparation, possibly attributable to the high temporal and 
spatial resolution of FSCV (Fig. 5.3). The magnitude of these responses (Table 5.1) are of 
similar magnitude to reported basal concentrations of oxygen (Zimmerman & Wightman, 1991), 
indicating that oxygen concentration could be approximately doubled or decreased to near zero 
during SD. Oxygen changes were classified as increases if their maximum peak concentration 
was larger than their minimum nadir concentration. Additionally, responses were described 
monophasic or biphasic based on the presence of a second, later oxygen increase. Our Phase 
I-IV (initial dip, main increase, delayed increase, fall below baseline in oxygen concentration, 
respectively) labelling scheme corresponded to the four components of blood flow changes 
during SD, recently reviewed by Ayata and Lauritzen (2015) (Fig. 5.3). However, oxygen 
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fluctuations are the result of not just underlying blood flow alterations, but also metabolism 
changes. We consider both of these physiological mechanisms in the following discussion. 
Phase I of the first SD in a location trended towards being larger (Fig. 5.4), which is 
possibly why some have reported its disappearance after the first SD (Ayata & Lauritzen, 2015). 
A period of hyperperfusion is widely reported to occur in normally perfused tissues (Ayata & 
Lauritzen, 2015; Back et al., 1994; Fabricius et al., 1995; Mies & Paschen, 1984; Sonn & 
Mayevsky, 2000) and would generally give rise to an increase in oxygen (Phase II). We 
hypothesize that the locations designated here as decreases still received an increase in blood 
flow, but exhibited a larger decrease in oxygen because they are located further from blood 
vessels (Takano et al., 2007). Thus, metabolic consumption of the tissue closer to the vessels 
depleted the amount of oxygen delivered by blood flow, which is revealed with our spatially 
restricted technique. This shortened the duration and diminished the magnitude of the initial 
increase in oxygen concentration, while enhancing the magnitude of the decrease which is 
governed by metabolic consumption. The decrease in oxygen began simultaneously with the 
maximal depolarization signal, or the plateau voltage of the electrophysiological DC shift (Fig 
5.3B). This coincides with the greatest disruption in ion gradients, when ATP-dependent ion 
pumps are greatly stressed to restore the membrane potential. Interestingly, 56.3% of NAc 
locations were designated as decreases, whereas only 20.0% of cortical locations were (Fig. 
5.3). This difference may be explained by the generally larger diameter vessels and denser 
capillary vascularization in the cortex compared to deeper brain regions (Boero et al., 1999; 
Klein et al., 1986). Therefore, varied structural architecture affects the efficacy of alleviating the 
metabolic stress of SD via increased blood flow in distinct microregions.  
The biphasic oxygen traces included Phase III, a delayed oxygen increase which follows 
the depolarization. Most (93.8%) of NAc locations were biphasic, as opposed to 40.0% of 
cortical locations (Fig. 5.3). The only direct evidence for the mechanism behind a delayed 
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hyperemia during SD was presented by Fabricius et al. (1995), who administered L-arginine, a 
nitric oxide (NO) synthesis substrate, and observed an augmented magnitude of the delayed 
blood flow increase. Other factors which may contribute to Phase III are post-SD acidification of 
the extracellular space (Mutch & Hansen, 1984; Somjen, 1984), which dilates blood vessels 
(Kuschinsky et al., 1972; McCulloch et al., 1982); prolonged glucose utilization following SD 
(Hashemi et al., 2009) which could increase blood flow through neurovascular coupling of 
activity; or increased levels of extracellular lactate, which promote vasodilation (Gordon et al., 
2008). The cellular composition in the surrounding area may determine whether this delayed 
increase occurs, as assorted cell types respond differently to various vasoactive species (Ayata 
& Lauritzen, 2015). Further studies would need to be performed to determine if these factors 
affect Phase III. 
Oxygen responses are highly similar within location, with some variability 
Successive waves of SD are typically extremely reproducible (Back et al., 1994; Dietrich 
et al., 1994; Wolf et al., 1997). Here, we report a similar result for oxygen responses 
accompanying successive SD events in otherwise healthy tissue (Fig. 5.5-5.7). This indicates 
that the tissue is responding with invariable changes in blood flow and metabolism over 
repeated SDs, consistent with SD presenting innocuously in uncompromised tissue 
(Nedergaard & Hansen, 1988).  
Two locations in the same brain region in each of five subjects were recorded (Fig. 5.6). 
Three pairs of sites exhibited very different oxygen concentration profiles (Fig. 5.6A,C,E); but, 
two of the pairs were similar (Fig. 5.6B,D). These oxygen traces further highlight the location-
specific heterogeneity SD responses, as they occurred in the same subject. Distance from and 
the size of blood vessels can affect the amount of oxygen that reaches cells during SD (Pinard 
et al., 2002; Takano et al., 2007). We postulate that neurovascular heterogeneity promoted the 
variety of oxygen responses recorded here. 
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Vascular responses have been shown to precede the SD wave, and propagate into 
areas without an accompanying SD (Brennan et al., 2007). This phenomenon would yield 
recordings like those in Fig. 5.7B, where there is a reproducible change in oxygen both 
occurring ahead of the SD and in the absence of a SD. Fig 5.7C depicts a recording location 
where different stimulation locations yielded distinct oxygen changes. As such, both of these 
locations (5.7B,C) provide evidence for variance in blood flow responses to SD depending on 
the location of its origin. We hypothesize that this could be through distinct vascular conduction 
since the metabolic challenge of SD is invariant for successive waves in otherwise-healthy 
tissue. 
High levels of extracellular dopamine during SD lowers threshold of propagation 
Prior investigations of dopamine release during SD have only characterized its 
supraphysiological release magnitude (Hobbs et al., 2017; Moghaddam et al., 1987; Nagy et al., 
1985; Ngo et al., 2017) and have not probed the effects it may have on SD. Dopamine has been 
implicated in selective nerve-terminal damage during ischemia (Buisson et al., 1992; Hashimoto 
et al., 1994; Weinberger & Cohen, 1983), a pathophysiological phenomenon associated with 
spontaneous SD (Dijkhuizen et al., 1999; Hartings et al., 2003), so we hypothesized that it may 
have a modulatory role in SD.  FSCV is a chemically specific technique and yields real-time 
information on the release and uptake dynamics of neurotransmitters, enabling us to investigate 
the effects of pharmacological manipulation.  
Administration of GBR-12909, a dopamine reuptake inhibitor, increased SD velocity and 
the decay time of the dopamine uptake (Fig. 5.9). SD initiation and propagation depend on a 
certain critical threshold being reached (Somjen, 2001). This threshold is mediated by 
extracellular potassium, glutamate, and other species involved in neuronal excitability and 
depolarization (Ayata et al., 1999; Grafstein, 1956; Hansen & Zeuthen, 1981; Kraig & Nicholson, 
1978; Marrannes et al., 1988; van Harreveld, 1959). Dopamine may increase the excitability of 
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the tissue and thus the rate of propagation of SD. To investigate this further, we studied the 
effects of D1- and D2-receptor antagonists on evoked SD. 
Generally, D2 receptors reduce the excitability of neurons; whereas D1 receptors 
increase it (Belle et al., 2013; Surmeier et al., 2007). These effects are mediated by their actions 
on membrane potassium and calcium channels, as well glutamate-induced excitatory currents 
(Missale et al., 1998; Surmeier et al., 2007). D1-receptor antagonism decreased the peak 
dopamine concentration (Fig. 5.10), which can be explained by the excitatory effects of D1 
activation. This indicates that under certain circumstances it is possible to modulate the amount 
of neurotransmitter released during SD. D2-receptor antagonism increased the dopamine peak 
decay time (Fig. 5.10), in agreement with the effect of blocking the receptor’s inhibitory 
autoreceptor function (Missale et al., 1998). SD velocity may be decreased by D2-receptor 
agonism because it potentiates neuronal inhibition, or difficulty of depolarization. However, the 
increase in neither decay time nor SD velocity for raclopride administration were as large as that 
recorded for GBR-12909, eluding to some synergistic effect of these two receptor types. 
Interestingly, the DC shift magnitude significantly increased with D2 antagonsim (Fig. 5.10). We 
hypothesize that blocking D2 receptors increases the amount of inward cation flux during 
depolarization (Nicola et al., 2000). Also D1-receptor activation increases hyperpolarizing 
potassium currents, but also increases neuronal excitability once the neuron is depolarized 
sufficiently (Belle et al., 2013; Nicola et al., 2000). Thus, the membrane potentials of neurons 
would be held at a more negative potential with respect to the extracellular space and during SD 
they would undergo a larger change in membrane potential, or depolarization. Patch-clamp 





SD waves produce a variety of blood flow responses, which depend on the level of 
perfusion and differences in the local neurovascular architecture. SD is capable of promoting 
cell death, especially when the heightened metabolic requirements are not fulfilled by delivery of 
oxygen and glucose. To our knowledge, we are the first to characterize the variability of oxygen 
concentration changes during SD waves in normally perfused brain tissue within the same brain 
region. Oxygen responses were remarkably reproducible within a given recording site, but 
varied between sites. We identified four main response types, defined by the magnitude of their 
increase or decrease in oxygen and whether or not a later oxygen peak followed the SD wave. 
Interestingly, the cortex and NAc share many similarities in the oxygen concentration profiles 
recorded. However, responses in the cortex were predominantly increases; whereas, oxygen 
changes in the NAc were more evenly split between increases and decreases. In general, these 
findings may indicate that the vasculature of the deep brain is less able to deliver adequate 
oxygen to tissue during SD, but similar vascular responses prevail in both regions. Additionally, 
we report oxygen responses that varied based on the location from which the SD propagated, 
possibly supporting distinct vascular conduction during SD phenomena.  
A supraphysiological release of dopamine accompanied the depolarization signal for all 
recordings in NAc locations. Furthermore, we determined that high concentrations of 
extracellular dopamine promoted an increased SD velocity, mediated through D1-type 
receptors. Additionally, we found that D1-receptor antagonism reveals the effect of D2 
autoreceptors for reducing the amount of released dopamine during SD, establishing that 
attenuation of transmitter release is possible during these “all-or-nothing” events. Utilizing FSCV 
coupled with electrophysiological detection allowed for characterizing variability of SD 
responses with high-spatial resolution. Furthermore, we were able to probe underlying SD 
mechanisms in deeper brain regions. 
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